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Microfluidics is the science and technology of systems that manipulate chemical or 
biological processes in microliter or nanoliter scales, using channels with dimensions 
of tens to hundreds of micrometers. Since its emergence in the late 1990s, it has 
successfully made its way into many different research areas with microfluidics based 
cell culture being one of its key applications that attract more and more attention. The 
uniqueness about a microfluidic cell culture system is that it can mimic in-vivo cell 
culture conditions and offer researchers the great opportunity in exerting a better 
control over the cellular microenvironment both in space and in time. The challenge 
that comes along with the opportunity is how to analyze this in-vivo like 
microenvironment. The difficulty here is largely due to some fundamental differences 
between the new cellular microenvironment under the microfluidics platform and that 
under conventional cell culture conditions; these differences render the existing 
detection methods developed for macroscale applications not applicable to the new 
microscale situations. In an attempt to solve this problem, we designed and developed 
a hybrid microchip system with integrated on-chip cell culture and cellular 
microenvironment sensing capabilities. 
 
The microchip features a double layer design: one microchannel layer intended for cell 
culturing and one microtrench layer or the sensing layer intended for immobilization of 
sensing materials. The microchip is fabricated through a modified photolithography 
with a final micromolding using Poly Dimethyl Siloxane (PDMS). 
 
 viii
Three fluorescence based optical sensors for cellular sensing of pH, biological oxygen 
level and glucose concentration are developed and successfully integrated with the 
fabricated microchip. The optical glucose sensor is based on the competitive binding 
between glucose and suitably labeled fluorescence compound to a common receptor 
site; the fluorescence signal is directly related to the concentration of glucose through 
the process of fluorescence resonance energy transfer (FRET). In our case, a sugar 
binding protein Concanavalin A labeled with tetramethylrhodamine isothiocyanate 
(TRITC) is used as the receptor; dextran labeled with fluorescein isothiocyanate (FITC) 
is used as the glucose competitor. The oxygen sensor is based on oxygen quenching 
the fluorescence of a ruthenium complex, where higher oxygen level means a lower 
fluorescence signal. Finally, the pH sensor is based on the pH dependent dye FITC. 
Matrix assisted layer-by-layer coating techniques are used in fabrication of these 
sensors. Sensor calibration results show good sensitivity in the physiological range of 
all the three mentioned parameters. 
 
Culturing of β-TC-6 cells in the microchannel is successful and on-chip measurement 
of cellular microenvironment using the integrated optical sensors is demonstrated. 
Expected responses of sensors were observed during the measurement, showing the 
sensors’ robustness in working in the real cell culture environment. The measurement 
is in-situ, real time and reagentless, fulfilling all requirements of microscale sensing. 
Cells in the microchannel show normal attachment and proliferation profiles, 
indicating good biocompatibility of the system and sensors. The system also shows 
good stability over time, great flexibility in customization for different applications 
and points out a new way to ultimately bring cell culture and cell assay altogether. 
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Since the first transistor was invented at Bell Laboratories in 1947, technology has 
taken on the express of miniaturization and integration. Shrinking in size is the most 
common trend shared by most technologies. It is microelectronics when it comes to 
electrons and microfluidics when it comes to fluids. 
 
Microfluidics deals with the behavior, precise control and manipulation of microliter 
and nanoliter volumes of fluids. It is a multidisciplinary field interfacing with physics, 
chemistry, microtechnology and biotechnology, with practical applications to the 
design of systems in which such small volumes of fluids will be used. Microfluidics 
emerged only in the 1990s and has become increasingly popular in recent years largely 
because of the development of the softlithography based fabrication techniques and the 
availability of a new elastomeric material Poly Dimethyl Siloxane (PDMS). 
Advancements in these two areas make microfluidic devices with complex features can 
be easily fabricated in a common lab requiring neither sophisticated instrumentation 
set-up nor complicated processing.  
 
Microfluidics, since its emergence, has been revolutionizing many research areas 
including molecular biology, cell biology and medical diagnosis. The basic idea of 
microfluidics is to integrate assay operations such as detection, as well as sample pre-
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treatment and sample preparation on one chip. One key application of microfluidics is 
cell culture in microfluidic devices, challenging the conventional Petri dish and culture 
flask based cell culture methodology. Microfluidics based cell culture systems can 
provide a level of control over the cell culture microenvironment that cannot be 
achieved in traditional culture conditions. Microfluidics can reproducibly produce 
confined and well-defined systems such as microchannels on the cellular length scale 
(~5 μm – 500 μm) and can incorporate complex designed topographies, densities of 
extracellular matrix signaling molecules with the unique ability to mimic in-vivo 
solution flow. These desirable properties of microfluidics based cell culture systems 
have attracted a large number of researchers from different research areas such as 
microfluidics, cell biology and bioanalytics. Up to date, many microfluidic systems 
have been built for culturing different cell lines, and their strong capabilities in 
simulating in-vivo cell culture and in giving more control both temporally and spatially 
over the cell culture microenvironment are successfully demonstrated. 
 
However, analysis of the cellular microenvironment under the microfluidic platform 
remains an issue to be addressed. The difficulty here is largely due to some 
fundamental differences between the new cellular microenvironment under 
microfluidics and that under traditional cell culture conditions. For instance, the ultra 
small volume of the sample manipulated in microfluidics makes any centrifuge tube 
(in the milliliter volume range and above) based assay literally impossible; and the 
dominant laminar flow property unique to microfluidics based systems may lead to 
totally failures of those detection methods developed under conventional macroscale 
systems where convection is dominant force governing the behaviors of fluids.  
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In this study, an attempt was made to solve these problems by designing and 
developing a hybrid microchip system enabling cell culture with on-chip cellular 
microenvironment sensing capability. This was achieved by merging different 
technologies including microfabrication, fluorescence optical sensing and advanced 
biomaterial encapsulation techniques. A modified photolithography method was 
developed to fabricate a double layer microfluidic device, with the microchannel layer 
intended for cell culture while the microtrench layer for immobilization of sensing 
biomaterials. Fluorescence based optical sensing was chosen for building up sensors, 
considering high sensitivity the fluorescence method can offer and the easy integration 
with the device. Matrix assisted layer-by-layer coating technique was used for the 
encapsulation of these sensors. β-TC-6 cell was used as the cell line cultured in the 
final microfluidic device and in-situ measurement of three parameters including pH, 
oxygen and glucose concentration in the cellular microenvironment was demonstrated.  
 
The thesis is organized into seven chapters followed by references and appendices. The 
present chapter is a brief introduction to the background and the study to be conducted. 
Chapter 2 is the literature survey where a detailed description of the technological 
background and relevant information are given. Chapter 3 refers to some preliminary 
study followed by chapter 4 where the design and fabrication of the microchip is given 
in detail. Development of three different optical microsensors on the microchip is 
illustrated in chapter 5. Chapter 6 describes the final system assembly and on-chip 
measurement of the cellular microenvironment. Chapter 7 presents the conclusion and 
some recommendations for future study. 
4 




Microfluidics is the science and technology of systems that manipulate chemical or 
biological processes in nanoliter (nL) or microliter (µL) scales, using channels with 
dimensions of ten to hundreds of micrometers [1].  In practice, a microfluidic device 
can be identified by the fact that it has one or more channels with at least one 
dimension in the micrometer range. The downscale in size offers such microfluidic 
systems a number of obvious advantages: low reagent consumption, high throughput 
and short time for analysis. Other less obvious characteristics which are not accessible 
on the macroscopic scale include laminar flow, high surface to volume ratio and 
improved control over experimental conditions both in space and in time [2]. Due to its 
numerous advantageous properties, the technology platform based on microfluidics has 
undergone a tremendous development during the past decade. From being a 
specialized area of research, it has now grown to an interdisciplinary field engaging 
hundreds of research groups along with several companies worldwide. To date, 
microfluidic systems have successfully made its way into chemical & biological 
analysis [3], cell biology & tissue engineering [4], drug delivery [5], neuron science [2] 





Figure 2.1 Various microfluidic systems from Syrris-dolomite 
 
2.2 Microfluidics and Cell Culture 
Among aforementioned different applications, the use of microfluidics for cellular 
study is of particular interest given the fact that microfluidic systems are right at the 
same characteristic length scale as most cells are.  
 
Cell culture is a key step in cell biology, tissue engineering, biomedical engineering 
and pharmacokinetics and a prerequisite for virtually all cell based studies. The 
conventional culture dish / flask based cell culture methodology has been under use for 
more than a century with no fundamental change. Although such in vitro cell culture 
technique is widely used both in academic research and in industries, the lack of 
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experimental control over the culture microenvironment has become a big concern. 
Here we define the microenvironment as the immediate surroundings of a cell with a 
spatial distance comparable to the characteristic length scale of cultured cells. Cell is 
powerfully modulated by its microenvironment which is comprised of different local 
extracellular cues including soluble signaling molecules, dissolved gases, the 
chemistry and mechanics of the insoluble extracellular matrix proteins, and the actions 
of neighboring cells. Cells respond heavily to spatial and temporal variations in these 
environmental cues [7]. However, most cell based studies are based on cells grown in 
vitro in a static and macroscale environment which is entirely different from the real 
environment of biological systems. Therefore, in-vivo cell culture microenvironment is 
highly desirable.  
 
Microfluidic systems is found to be able to provide a level of control over the cell 
culture microenvironment that cannot be achieved in traditional culture conditions 
such as in a Petri dish or cell culture flask. This is because microfluidic systems can 
reproducibly produce confined and well-defined systems on the cellular length scale 
(~5 μm – 500 μm) and can incorporate complex designed topographies, densities of 
extracellular matrix signaling molecules, nonrandom organization of cells of different 
types, and the ability to mimic in vivo solution flow. Over the years, various 
microfluidic cell culture systems have been developed and their capability in creating 
the desirable in-vivo cell culture environment has been demonstrated. 
 
In general, microfluidic cell culture systems fall into two major categories: two- 
dimensional system and three-dimensional system. Most microfluidic cell culture 
systems adapt a two-dimensional culture method because it is easy to control a single 
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well defined cell type while simplifying the manipulation of large quantities of cells 
and the direct optical characterization of the cellular behavior using a fluorescence 
microscope. In contrast, a three-dimensional cell culture system has been developed 
for a better reproduction of the in-vivo like microenvironment.  Several cell lines have 
been successfully cultured in both two-dimensional and three-dimensional microfluidic 
cell culture systems and a good response of well controlled cell attachment, spreading 
and growth is demonstrated [8-11]. Using a two dimensional microfluidic system, 
Cotman et al. patterned primary rat neurons via a simple plasma-based dry etching 
method and the system was maintained up to six days inside a microfluidic device [12]. 
Eric et al. presented a three dimensional Poly Dimethyl Siloxane (PDMS) microdevice 
for culturing Hep G2 cells and it was demonstrated the cells could be kept in good 
condition for around ten days with a completely closed perfusion system [11, 13]. The 
successful proliferation and differentiation of human neuronal stem cells were also 
observed under the microfluidic platform described in [14]. A more complete list of 
microfluidic cell culture systems experimentally demonstrated so far is shown in Table 
2.1 [7]. 
 
Microfluidic cell culture systems, leveraging on their unique capability in creating 
more in-vivo like cellular microenvironment, are breaking new ground for cell culture; 
yet they also bring new challenges in accurate detecting, sensing and monitoring such 
in-vivo like environment. As cell culture shifts from flask and Petri dish into the 
microchannels, new cell culture analytical methods with minimal perturbation to the 



















2.3 Fabrication of Microfluidic Device 
New enabling fabrication technology is the driving force that largely popularizes the 
research and studies in microfluidics. Fabrication of microfluidic devices normally 
involves two steps: a standard photolithography step for the master mold fabrication 
and a soft-lithography step for replica molding of the final device. 
 
2.3.1 Photolithography and SU-8 
Photolithography is the process of transferring patterns of geometric shapes on a 
photomask to a thin layer of radiation-sensitive material (called photoresist) covering 
the substrate. Photoresists are classified into two groups, positive resists and negative 
resists. 
 
A positive resist is a type of photoresist in which the portion of the photoresist that is 
exposed to light becomes soluble to the photoresist developer and the portion of the 
photoresist that is unexposed remains insoluble to the photoresist developer. A 
negative resist is a type of photoresist in which the portion of the photoresist that is 
exposed to light becomes relatively insoluble to the photoresist developer. The 
unexposed portion of the photoresist is dissolved by the photoresist developer.  
 
Working mechanism of photolithography for a negative photoresist is shown in Figure 
2.2. SU-8 photoresist (MICROCHEM, USA) is the most popular used negative 
photoresist in fabrication of microfluidics and Microelectromechanical Systems 
(MEMS) parts. It is a very viscous polymer that can be spun or spread over a thickness 
ranging from 1 µm up to 2 mm and still be processed with standard mask aligner. It 
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can be used to pattern high aspect ratio (>20) structures. Its maximum absorption is for 
ultraviolet light with a wavelength of 365 nm. When exposed, SU-8's long molecular 
chains cross-link causing the solidification of the material. 
 
 
Figure 2.2 Photolithography for a negative photoresist 
 
Features built from SU-8 can be used both as a permanent part of the final device and 
as a master mold for molding. In most elastomer based microfluidic devices which are 
most common seen in recent years, SU-8 itself is normally not an integral part of the 
final device but is used as the mold in a so-called softlithography process. 
 
2.3.2 Soft-lithography and PDMS 
Softlithography [15] refers to a set of methods for fabricating or replicating structures 
using elastomeric materials, with the most widely used material being the Poly 
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Dimethyl Siloxane (PDMS) [16, 17]. Softlithography allows rapid fabrication of 
complex microfluidic structures in the flexible polymer substrates at a fraction of the 
cost of traditional glass or semiconductor manufacturing. A basic illustration of the 




SU-8 featuresCast uncrosslinked PDMS 
Silicon wafer  
 
Figure 2.3 (1) PDMS micromolding with SU-8 master mold 
 









PDMS is the most widely used building material for microfluidics because it offers the 
most desirable properties for the final device. It is biocompatible, chemically inert, 
thermally stable, permeable to gases, simple to handle and manipulate, exhibits 
isotropic and homogeneous properties as well as lower cost than silicon and can 
conform to submicron features to develop microstructures [18]. In addition, PDMS is 
non-fluorescent and transparent down to 230 nm [16], which is also critical for any 
systems where optical characterization is required. 
 
One drawback of PDMS is that the PDMS surface is highly hydrophobic; however, 
many surface modification techniques and surface enhancing methods for PDMS have 
been developed [16, 19-22], which have significantly improved the efficiency of these 
devices. Up to date, PDMS based microfluidics has been successfully applied to cell 
based studies [7, 14], immunoassays [23], biosensors [24] and drug delivery system [5]. 
 
Although the most popular polymer for building microfluidics is PDMS, many other 
materials are also suitable, such as photocurable hydrogel [25], thermoset plastics [26], 
elastomers [27] and photocurable solvent resistant elastomers such as 









2.4 Analysis of the Microenvironment 
As microfluidic cell culture systems become increasingly popular with more advanced 
cellular studies highly relying on its unique in-vivo like microenvironment, the ability 
to acquire high-fidelity measurement of the given microenvironment becomes 
practically important. Parameters of possible measurement could be any physical and 
chemical parameters like pH, oxygen level and glucose concentrations. Unfortunately, 
those widely used methods for measuring these parameters are not applicable to the 
microfluidics based systems because the cellular microenvironment in microfluidics is 
fundamentally different from the conventional bulk environment.  
 
2.4.1 The Difference of Microenvironment 
Convection is the dominant transport mechanism in cell culture at the macroscale, 
while diffusion becomes the prevalent transport force in cell culture at the microscale 
because of the small dimension involved. In fluid dynamics, Péclet number, which is 
defined as a dimensionless number relating to the rate of advection of a flow to its rate 
of diffusion, is used to quantify the dictating transporting method for a particle in any 




=             (2.1) 
Where L is the characteristic length, V is the velocity and D is the diffusion coefficient 
of the particle. For large Péclet numbers, convection dominates while in the case of 
microfluidic systems, Péclet number is quite small and as a result diffusion dominates. 
Particles diffuse from regions of higher concentration to regions of lower concentration 





∂= − ∂           (2.2) 
Where J is the flux of particles, D is the diffusion coefficient, C is the concentration 
and x is the position. Fick’s first law is used in the steady state diffusion, which 
requires the concentration of the diffusion volume dose not change with respect to time. 







C            (2.3) 
Where C is the concentration, D is the diffusion coefficient, x is the position and t is 
the time. As we can see from Fick’s second law, diffusion becomes the dominant 
transport mechanism only at long time scales or short distances or both. Therefore, we 
can reach the same conclusion that diffusion is not the major transport mechanism in 
conventional macroscale cell culture systems while in the microfluidic based cell 
culture systems it is.  
 
In macroscale cell culture, large volumes of medium are readily available to ensure the 
cultured cells have access to necessary metabolites; convection force and external 
stirring let possible the homogenous distribution of metabolites within the entire cell 
culture medium with minimized waste accumulation. However, in the microscale, 
diffusion becomes dominant while convection and external stirring become literally 
unavailable. As a result, mixing at the microscale becomes much more difficult, which 
in turn results in a less homogenous distribution of metabolites and waste products. 
 
It is this limited mixing characteristic of the microfluidic platform that endows it with 
a big advantage yet at the same time also a difficulty comparing with the macroscale 
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cell culture. The advantage is that in the microfluidic cell culture, any secreted 
molecules from the cell which are necessary for normal functions will not leave the 
vicinity of the cell quickly, and this can facilitate feedback regulation of production of 
future secreted factors [32]. In other words, a cell can maintain its secreted 
microenvironment much more easily in a microfluidic cell culture device than its 
macroscale counterpart. However, this desirable feature of microfluidics comes with a 
price: it is very difficult to accurately characterize this microenvironment without 
involving any unwanted perturbations. And because of the extreme small volume and 
the less homogeneous distribution of this cellular microenvironment, the traditionally 
sample-out based analytical methods will not work anymore.  
 
Figure 2.4 (1) Non-homogenous microenvironment in microscale cell culture   
              (2) Homogenous cellular environment in macroscale cell culture 
 
Figure 2.4 illustrates the different cellular microenvironment between microscale cell 
culture and macroscale cell culture. The green ball in the figure represents the cultured 
cell; A, B and C represent three points at the surrounding environment with point A in 









denotes the laminar flow inside the microchannel while the red curve in Figure 2.4 (2) 
represents the convection force and any external stirring. Due to different transport 
mechanism, in the macroscale cell culture, there’s a homogenous cellular environment 
through out the culture container, which means the concentration of any given 
metabolites is the same in all three points A, B and C; in contrast, in the microscale 
cell culture, there’s a less homogenous microenvironment which means the 
concentration of certain metabolites is different at each of the three points. In fact, for a 
microfluidic system under continuous flow, a concentration gradient from A to C is 
expected in most cases. 
 
The fundamental difference between the two environments discussed above causes the 
conventional sampling-out based analytical methods not applicable in the microfluidic 
based cell culture systems. In a flask based macroscale cell culture system, to perform 
a measurement of glucose level for instance, what you typically do is to use a pipette to 
draw out some amount of cell culture media (usually several milliliters or hundreds of 
microliters) from the culture flask to a centrifuge tube for a measurement. Such a 
performance is not feasible under the microfluidics platform primarily for two reasons: 
the small volume of sample available inside the microchannels (ranging from several 
nanoliters to microliters) is factually far from sufficient for an assay that normally 
requires milliliters of sample; and secondly if by any means you could manage to draw 
a certain amount of sample from the microchannels for a sample-out assay, the result 
will however not be of any representative value for the real microenvironment inside 
the microchannels. Worse still, the process of your doing the measurement has actually 
changed or damaged the original microenvironment in the first place. In other words, 
the environment you are measuring is a new environment you have just created 
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yourself during the transfer of the sample out of the microfluidic system and this new 
environment is totally different from the previous intact microenvironment which is 
really the one you want to measure. 
 
To overcome such a challenge, we must develop a new in-situ analytical method, a 
method that requires neither introduction of additional reagents nor transferring any 
sample elsewhere. In other words, the new methods must allow us to maintain the 
microenvironment intact throughout the measurement process while giving out the 
results accurately and precisely.  
 
2.4.1 Microbeads Based Analysis 
For bioanalytics in the microscale, microbeads based analysis methods [23, 33] have 
drawn lots of attention these years due to their compatibility with microfluidics, high 
sensitivity and strong capability in multiplexing detection, but their applications have 
so far been largely limited to the area of immunoassays. Microbeads based methods 
are not well applicable for cell based studies because the introducing of microbeads to 
the surroundings of cultured cells will either destroy the cellular microenvironment or 









2.4.2 Fluorescence Optical Sensing 
 
Fluorescence, as one of the most sensitive and easily available methods to study inter-
molecular interactions, has many applications in the field of biosensing. The 
advantages of the molecular fluorescence for biosensing include the following:  
• High sensitivity and specificity 
• Reagent-independent, or reagentless sensing 
• Fluorescence measurements impose little or no threats to the host system 
• Measurement can be conducted through either fluorescence intensity or the 
fluorescence decay time, with the latter one insensitive to environmental factors 
• Availability of different fluorescence dyes and characterization techniques 
• Scalability for system miniaturization and system integration 
 
Most of the above listed points are quite self-explaining, with the scalability issue 
being an important industrial consideration. All these advantages make fluorescence 
based optical sensing a strong candidate to solve the analytic problems in a 
microfluidic cell culture system. 
 
2.4.2.1 Fluorescence-based Glucose Sensor 
 
A number of novel fluorescence based techniques for glucose sensing have been 
developed [34, 35]. Those which seem to be most promising generally fall into two 
major categories: the glucose-oxidase based sensors and the affinity-binding sensors. 
The glucose-oxidase based sensors use the electronenzymatic oxidation of glucose by 
glucose-oxidase (GOX) in order to generate a glucose dependent optical signal, and in 
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most case this optical signal is related to either the oxygen consumption or the 




Glucose-oxidase based sensors can normally give a strong signal but they suffer from 
many problems. One intrinsic and also the most severe drawback limiting their 
applications is that their response depends not only on glucose concentration but also 
on local oxygen tension. 
 
Fluorescent affinity-binding based sensors utilize competitive binding between glucose 
and suitably labeled fluorescent compound to a common receptor site. In initial work 
done by Shultz et al. a sugar binding protein concanavalin A (Con A) was used as a 
receptor for competing species of glucose and fluorescein isothiocyanate (FITC) 
labeled dextran [36]. Increased concentrations of glucose displace FITC-dextran from 
Con A sites thus increasing the concentration and fluorescence intensity of FITC-
dextran in the visible field. Con A can exist both as a dimmer or a tetramer depending 
on the environmental pH, with a dominant tetramer form in pH > 7. Analysis in [37, 38] 
shows that a dimmer – tetramer equilibrium actually exists. Dextran is a 
polysaccharide, a branched long chain molecule with lots of glucose unit which can 
bind to the sugar binding sites in Con A. Molecular models of Con A and dextran are 






Figure 2.5 (1) Molecular model of Conanavalin A in its tetrameter form with  
four sugar binding sites 
 
 




For more recent work [39-41], researchers have extensively exploited a phenomenon 
called Fluorescence Resonance Energy Transfer (FRET), whereby a fluorescence 
acceptor in close proximity to a fluorescence donor can induce fluorescence quenching 
in the donor, as shown in figure 2.6. Several donor-acceptor pairs have been 
investigated [34], with the most typical scheme involving a tetramethylrhodamine 
isothiocyanate (TRITC) labeled dextran and a FITC labeled Con A shown in figure 2.7. 
In the absence of glucose, TRITC-Dextran binds with FITC-Con A, and the FITC 
fluorescence is quenched through fluorescence energy transfer. With the increase of 
glucose concentration, glucose’s competitive binding to FITC-Con A liberates TRITC-
Dextran, resulting in increased FITC fluorescence proportional to the glucose 
concentration. In the same light, glucose concentration is inversely proportional to the 
intensity of TRITC.  
 
 
Figure 2.6 Fluorescence Resonance Energy Transfer 
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Figure 2.7 Glucose sensing mechanism through 
 FITC-Con A and TRITC-Dextran 
 
The encapsulation of the Con A based FRET sensors was in many cases achieved by 
covalent bonding the Con A molecules to a polyethylene glycol (PEG) hydrogel [40].   
One drawback of this type of sensor is the irreversible aggregation of Con A molecules. 
 
2.4.2.2 Fluorescence-based Oxygen Sensor 
 
Optical oxygen sensor based on the oxygen quenching of a ruthenium complex was 
developed decades ago [42]. Since then, many types of oxygen reporters with 
improved performances have been demonstrated [24, 43, 44]. Most of the optical 
oxygen reporters are based on the ruthenium indicator dye whose fluorescence is 
effectively quenched by molecular oxygen; the decrease in fluorescence or 
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luminescence can be directly related to the oxygen partial pressure. The oxygen 
quenching mechanism is shown in Figure 2.8.  
 
Figure 2.8 Detection mechanism of oxygen quenching 
 





= +           (2.4) 
Where  is the fluorescence intensity without a quencher, F  is the fluorescence 
intensity with quencher ,  is the quencher concentration in this case oxygen 
concentration, and 
0F
[ ]Q [ ]Q
svK  is the Stern-Volmer quenching constant. So it is clear that the 
extent of fluorescence quenching is related to the concentration of oxygen in the 
surrounding media. The main advantage of the optical oxygen sensor over the classical 
Clark oxygen sensor is its high sensitivity, faster response and no consumption of 
oxygen. 
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2.4.2.3 Fluorescence-based pH Sensor 
 
The pH in the cellular microenvironment is an important regulator of cell-to-cell and 
cell-to-host interactions. Additionally the extra-cellular acidification rate of a cell 
culture is an important indicator of global cellular metabolism. Optical pH sensor 
based a pH sensitive fluorophore offers advantages like high sensitivity, fast response 
and ease of operation. Several fluorophores are pH sensitive. Shown in Figure 2.9 are 
calibration curves of two fluorescence dyes: the Fluorescein isothiocyanate (FITC) and 
the Oregon Green 488. It is obvious that FITC with a good linear response from pH 6 
to pH 8 can be a handy pH indicator for cell cultures with pH value ranging from 6 to 8. 
The use of Fluorescein isothiocyanate (FITC) as a pH sensor for measurement of 
intracellular environment was demonstrated in [46]. One problem about this method is 
the photobleaching of the dye, but this negative effect could be minimized by 




Figure 2.9 Calibration curves of pH dependent dyes 
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2.4.3 Fusion of Microfluidics and Optics 
 
Very recently, there’s the trend of development of optofluidics, the fusion of 
microfluidics and optics [47]. The idea of optofluidics initially refers to the synthesis 
of optical systems with fluids, but the rapid development in the area of integration of 
optical sensors with microfluidics has gone much beyond that. As mentioned in section 
2.3.2, most microfluidic devices offer excellent optical transparency and good optical 
quality. Such good optical properties of microfluidics in particular PDMS based 
microfluidics has been demonstrated in applications such as soft lithographic 
fabrication of blazed gratings [48] and solid immersion lenses [49], showing that these 
materials are suitable in the optofluidics context. Besides building optical elements 
around microfluidics, integration of optical biosensors into these microfluidic devices 
is another area that attracts many researchers. David etc. [50] successfully built an 
integrated optical glucose sensor on a PDMS substrate, and fusion of an oxygen optical 
sensor with microfluidics was demonstrated in [24, 44]. 
 
It is safe to say that microdevices with silicon as the substrate material make them 
most efficient in integrating with electronics, while microfluidic devices using PDMS 









Microfluidics is a burgeoning research area in bioengineering and such systems offer 
many advantages in general like low reagent, high throughput and short analysis time. 
In particular for its application in cell culture, microfluidics offers the unique ability in 
mimicking in-vivo cellular microenvironment. Much work has been done in the 
integration of microfluidics and cell culture, however, measurement of the 
microenvironment in the microchannel remains an issue to be addressed due to some 
fundamental differences between the cellular microenvironment in microfluidic 
devices and that under conventional cell culture conditions. Fluorescence based optical 
sensing is one of the promising methods which can potentially solve this problem. 
Also presented in this chapter are photolithography and softlithography, the widely 















Chapter 3             
Preliminary Study 
 
In order to better understand the working mechanism of the affinity binding based 
glucose sensor, some experiments were carried out first with the fiber optics setup. The 
advantage of fiber optics is that it gives full spectrum information from which one can 
observe the shift in the emission spectrum when a quencher fluorophore is introduced. 
This is helpful in understanding the interactions of different functioning molecules 
involved in the glucose sensing process. 
3.1 Fiber Optics Setup 















Figure 3.1 Optical probe based fluorescence setup 
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USB2000-UV-VIS spectrometer (Ocean Optics) was used to characterize the 
fluorescence signal while PX-2 Pulsed Xenon lamp (Ocean Optics) was used as the 
light source. Sample was stored in the cuvette. In this setup, light goes from light 
source to the tip of the optical probe which is in close contact with the sample through 
cuvette, and emitted fluorescence signal is collected by the same optical probe and 
coupled to the spectrometer. The insert image in Figure 3.1 is the cross section of the 
optical probe, which is a six-round-one packaging with six fibers for excitation and the 
center one fiber for collection of emitted fluorescence. Another more complicated 
setup with inline filter sets was later tested as shown in Figure 3.2. Cutoff wavelengths 








Figure 3.2 Fiber optics setup with inline filters 
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By introducing two inline filters, this setup is supposed to offer a higher S/N (signal to 
noise) ratio. But its practicability is undermined by the low light coupling efficiency of 
the filter holders: it was proven that almost half of the light was lost at the inline filter 
holders. 
 
3.2 Basic Fluorescence Calibration 
 
Based on the fiber optics setup described earlier, a basic calibration was done for 
Concanavalin A fluorescein isothiocyanate conjugate, which is a sugar bind protein 
with a fluorescence label FITC. Con A-FITC was purchased from Sigma and used as 
received. The gradient solution used for calibration as shown below was prepared in 
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Figure 3.3 (1) Con A-FITC calibration 
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The curve shows a relatively good linearity in lower concentration range, especially 
between 1 mg/ml and 4 mg/ml as illustrated in Figure 3.3 (2). Con A-FITC 
























Figure 3.3 (2) Regression curve of the calibration quenching curve 
 
 
For fluorescence quenching, there are two fluorescence dyes involved: one is the 
fluorescence donor, the other the quencher. The donor fluorophore’s emission 
spectrum at least should be in partial overlap with the quencher fluorophore’s 
excitation spectrum. When excited, the donor’s fluorescence will be quenched if a 
quencher is readily available in its vicinity. In our case, we used Dextran-TRITC 
(Sigma) as the quencher while Con A-FITC as the donor. All solutions were prepared 
in 1 X PBS buffer. By varying the quencher/ donor ratio, a fluorescence quenching 
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calibration curve was obtained as shown in Figure 3.4. Figure 3.5 shows the shift in the 
real spectrum for different quencher / donor ratio applied. 
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Figure 3.4 Quenching profile of Con A-FITC by Dextran-TRITC 
 
 
Based on these results, it is obvious that any quencher/donor mass ratio larger than 1:2 
is sufficient for more than 99% quenching. Subsequently, a mass ratio of 1:4 was 
chosen for glucose test, because quenching state at this ratio would have a higher 
sensitivity than those at a deeper quenched state where more glucose are needed to 
displace the quencher. However, as mentioned earlier, the available excitation light 
turns out too weak in generating a stable signal when using the fiber optics setup for 
glucose tests. Alternatively, a microplate based instrumentation setup was used for 




































































































3.3 Simple Microchannel Fabrication 
Proof of concept of the fluorescence quenching system is just one aim of the 
preliminary study; another task of this part is about the fabrication of the sensor chip. 
Using silicon as the substrate and SU-8 2050 as the photoresist, a simple master mold 




Figure 3.6 SU-8 mold with single layer straight microchannels 
 
Characterization of the microchannel shows the fabrication is successful with the 
channel depth of 47 µm and width 252 µm, which are very close to the expected 
feature size (depth 50 µm X width 250 µm).  
 
Further understanding of the fabrication process led to the conceptualization of a more 




As the proof of concept, we studied the fluorescence and quenching properties of the 
Con A-FITC, an important sugar-binding protein later used for glucose sensing. 
Calibration of Con A-FITC solution shows good linearity for concentration between 1 
mg/ml and 4 mg/ml. Quenching result shows that quencher/donor ratio at 1:2 is 
sufficient for more than 99% quenching. Meanwhile, a microchip with straight 




















Chapter 4                  
Design and Fabrication of Microchip 
 
4.1 Design of the Microchip 
The initial idea of this project was to form an array of gel pads on a glass surface, and 
when combined with a microchannel, those gel pads can work as mini localized 
sensors for measuring the cellular microenvironment inside the channel, as shown in 
Figure 4.1. Different colors of the gel pads indicate that they could be customized to 
sense different analyte depending on the specific application. 
 







Figure 4.1 Initial proposed microfluidic system setup 
 
Detailed design of the system is displayed in Figure 4.2. The good thing about this 
design is that they are easy to fabricate. Making of the gel pads can be done on a piece 
of glass slide, and fabrication of the PDMS chip only requires a straightforward soft-
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lithography process. However, the assembly of these two parts turns out to be very 
problematic, as the alignment requires micrometer level precision. Besides, the direct 
exposure of those gel pads to the flow of the fluid in the channel would potentially not 
only destroy the regular flow in the channel but also render the sensor pads themselves 
unstable. 
      
                        (1)                                                                         (2) 
 
(3) 
Figure 4.2 (1) Simulated gel pads on a piece of glass slide 
(2) Single channel microchip (3) Assembly of the two parts 
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To address these problems, a new design is proposed by adopting a sophisticated chip 
fabrication process. Under the new proposal, a double layer PDMS chip is fabricated. 
The first layer is the same microchannel as in Figure 4.2 (2), but meanwhile at the 
bottom of the microchannel some additional micro-trenches are fabricated, and these 
micro trenches are intended sensor immobilization sites and will be filled up later in 
the sensor immobilization process. Figure 4.3 is an illustration of the design, with 
channel measuring 40 mm (length) x 1 mm (width) x 100 µm (depth), and micro-
trench measuring in 500 µm (length) x 100 µm (width) x 250 µm (depth). 
 
 
Figure 4.3 Series of micro-trenches at the bottom of a microchannel 
Insert: Zoom-in image for one micro-trench 
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The new design entails a much more complicated double layer chip fabrication process, 
but it eliminates the need for the alignment of the two surfaces in concern by direct 
integrating both the channel and the sensor sites into one. This also makes the system 
more robust and the sensor more stable by significantly reducing the direct exposure of 
the sensor to the fluids in the channel. The system assembly becomes also simpler: a 
PDMS slab, a piece of glass slides or anything else with a flat surface is sufficient to 
complete the system assembly when combining with the PDMS microchip. Figure 4.4 
illustrates the simple assembly. 
 
 
Figure 4.4 System assembly under the new design 
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In our case, we are using a piece of collagen coated polystyrene sheet to combine with 
the PDMS microchip to complete the assembly; polystyrene plate is chosen because of 
its good surface properties for cell attachment. 
 
4.2 Design of the Photo Mask 
 
A photomask, which is commonly used in photolithography, is an opaque plate with 
holes or transparencies that allow light to shine through in a defined pattern. 
Lithographic photomasks are typically transparent fused silica blanks covered with a 
pattern defined with a chrome metal absorbing film. Nowadays, for those applications 
not requiring extreme high resolutions, the so-called soft photomasks with chrome ink 
printed on a piece of soft plastics rather than silica, are becoming increasingly popular 
due to their low cost and good-enough resolution.  
 
4.2.1 Drawings Using AutoCAD 
 
Design of the mask pattern is completed with AutoCAD 2007. Because there are two 
layers for the chip to be fabricated, two drawings are needed every time, one for the 
microchannels and one for the micro-trenches as shown in Figure 4.5. These two 
masks are designed while bearing in mind that they are meant for precise alignment 
later in the UV light exposure process. Different designs with different size for each 
design are tested by comparing the dimensional fidelity of the final fabricated PDMS 




Figure 4.5 (1) Mask design for microchannels 
 
 
Figure 4.5 (2) Mask design for micro-trenches 
 
Finished drawings for masks were then sent to a commercial manufacture (Infinite 
Graphics Pte Ltd) for printing and delivery of the final soft photomasks. 
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4.3 Fabrication of Master Mold 
 
Fabrication of the master mold is done through a modified photolithography process. 
Negative photoresist SU-8 2000 series were purchased from MicroChem and used as 
received. A general process flow provided by MicroChem is shown in Figure 4.6. 
 
Figure 4.6 Process flow for SU-8 2000 photoresist 
 
Our process is a bit more complicated than the one listed above: the five steps from 
coat to post exposure bake will involve two rounds of operation with different settings, 
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while all other steps will only go through once. This modified photolithography 
process was devised to get a more advanced double layer features as mentioned 
previously. A smooth and highly efficient photolithography fabrication process 
requires good time management. The first thing to do after entering the fabrication 
room is not to switch on the coater but to turn on hot plates (one set to 65 °C the other 
set to 95 °C) because they require a lot of time to heat up to the set temperatures. 
During that time, many operation steps such as coating and loading photomask can be 
done.  
 
A 4 inch silicon wafer is used as coating substrate, and substrate preparation is 
normally unnecessary for brand new silicon wafers. A CEE 100 spin coating system 
was used for coating. Prior to switch on the coater, two sets of coating recipes were 
determined depending on the photoresist used and coating thickness needed. The two 
coating recipes included one for the microchannel layer and the other for the micro-
trench layer. To get started, first program the coater with settings of the recipe for the 
first layer coating, when ready, put the silicon wafer on the coating stand of the coater, 
and adjust the position of the wafer to make sure that it sits at the center of the stand as 
shown in Figure 4.7. After that, dispense certain amount (usually close to 3 ml) of SU-
8 photoresist on the center of the substrate, then close the cap of the coater and press 
start button. Upon finishing coating, take out the coated wafer using a wafer tweezers, 
check whether there’s a build up of photoresist on the edge of the substrate and if yes 
apply some acetone to that area before placing the substrate onto the hotplate. Soft 
bake first at 65 °C and later at 95 °C were performed. A good way to check whether 
soft bake is suffice is to check if the film wrinkles after one removes the substrate from 
the hotplate. A wrinkled film means a few more minutes’ baking is necessary. After 
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proper soft baking was the UV exposure step, which was done on a Mask & Bond 
Aligner (SUSS MicroTec) as shown in Figure 4.8. 
 
Figure 4.7 Positioning wafer on the Spin Coating System, CEE 100 (CEE) 
 
 
Figure 4.8 Mask Aligner (SUSS MicroTec) for substrate alignment and exposure 
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There are two rounds of UV exposure consecutively for two rounds of coating & soft 
baking. The first round of exposure is under the microchannel photomask, while the 
second exposure is under the micro-trench photomask.   
 
Leave the substrate some time for cooling down to the room temperature and then load 
it into the aligner. Specify the time needed for the exposure, choose the right UV light 
wavelength (365 nm) and do the exposure. There was no alignment operation during 
the first round of exposure. After exposure, unload the substrate from the aligner and 
transfer it onto the 65 °C hot plate for post exposure baking. After that, without further 
baking at 95 °C, remove the substrate from the hot plate, let it cool down and reload it 
to the coater for the second round of coating. At this point of time, feature of 
microchannels can be clearly seen on the substrate due to the partial cross-linking of 
the photoresist. Here, the further post exposure baking at 95 °C which would 
otherwise lead to full cross-linking of the first layer was avoided for the reason that a 
single post exposure baking at 95 °C in the second round will make the two coating 
layers cross link into one thus enhancing feature stability while still maintaining their 
own respective features.  
 
For the second round of coating, program the coater with the settings of the recipe for 
the second layer coating and coat. Then another soft bake at both 65 °C and 95 °C 
were performed. Let the soft baked substrate cool down to room temperature and load 
it to the aligner for exposure. Prior to the second round of exposure, a critical substrate 
alignment was required. With careful and patient alignment, four alignment marks on 
the substrate were perfectly superposed with those on the currently loaded photomask, 
and this would make sure those micro-trenches fall into the center of microchannels. 
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Following the alignment were the second exposure, post exposure bake both at 65 °C 
and 95 °C, development, rinse and dry.  
 
A white film produced during the Isopropyl Alcohol (IPA) rinse is an indication of 
underdevelopment of the unexposed photoresist, which requires immerse or spray the 
substrate with additional SU-8 developer to remove the while film. On the other hand, 
any fall off of the exposed SU-8 photoresist during development or rinse is a sign of 
the under-exposure of the substrate to UV light; such happenings could ruin all your 
previous work and therefore are most needed to avoid. It is advisable to slight increase 
the UV exposure dose beyond the normal one so as to make sure the exposure is 
enough, because an overexposure will not impose serious negative effect except a little 
compromise in feature resolution. One of the completed SU-8 master molds is shown 
in Figure 4.9. For a much more detailed operation protocol of the fabrication process, 
please refer to Appendix E. 
 
 




Figure 4.9 (2) Double layer SU-8 master mold View 2 
 
Characterization of the microchannels and micro-trenches on the fabricated master 
mold was done using a Surface Profiler (KLA-Tencor) as shown in Figure 4.10. 
Characterization results of two fabricated SU-8 mold with different designs are shown 
in Figure 4.11. Here the SU-8 master mold presents a negative pattern to that of the 
PDMS chip in final use. Analysis reports show that the modified new protocol for 
fabricating the double layer SU-8 features is successful in producing high aspect ratio, 
well defined 3 dimensional features. 
 
Figure 4.10 KLA-Tencor Surface Profiler 
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Negative pattern of 
microtrench 
Negative pattern 
of  microchannel 
Figure 4.11 (1) Characterization of the SU-8 master mold design 1 
Feature height measuring 30 µm (microchannel) and 80 µm (microtrench) 
 
 
Figure 4.11 (2) Characterization of the SU-8 master mold design 2 






4.4 PDMS Molding 
PDMS (Sylgard 184 silicone elastomer kit including elastomer base and curing agent) 
is chosen as the molding material because it offers the most desirable properties as 
described in chapter 2. 
 
The first step in PDMS molding was to clean and dry the SU-8 master followed with a 
surface silanization by exposing the master in a gas environment of Trichloro-silane. 
To do that, draw 10 µl of Trichloro-silane solution into a small weighing boat and 
place it together with the master mold inside the vacuum chamber as shown in Figure 
4.12 and vacuum the chamber for 10 min. This treatment was done aiming to get an 
easier release of the molded PDMS from the master after the molding. 
 
 
Figure 4.12 Surface silanization of the SU-8 mold 
 
Following that, PDMS prepolymer base was mixed with curing agent in a volume ratio 
of 10:1 (simply use a 10ml syringe for drawing the prepolymer base and a 1ml syringe 
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for the curing agent as shown in Figure 4.13). Then an extensive stirring process 
involving both swirling and folding was conducted to ensure the curing agent was 
evenly distributed before spreading the mixture on the silanized master surface as 
shown in Figure 4.14. A degassing process was done in a vacuum chamber to remove 
any trapped air bubbles in the mixture as shown in Figure 4.15. Then the PDMS with 
master together was transferred into an oven and cured at 65 °C or higher for several 
hours. When incubation was done, the PDMS with master as a whole was removed 
from the oven and leave them in room temperature to cool down. Then carefully peel 
the PDMS off from the master. After the release of PDMS, it was cut into desired 
shapes and any needed inlet and outlet holes were formed on the PDMS layer using a 
puncher. A piece of PDMS chip with punched holes is shown in Figure 4.16. For a 




PDMS polymer base Curing agent 




Figure 4.14 Casting the PDMS mixture onto the master mold 
 
 




Figure 4.16 PDMS chip ready for use 
 
Characterization of the final microchannels and micro-trenches on the molded PDMS 
chips were done on the same Surface Profiler (KLA-Tencor). Analysis reports as 
shown in Figure 4.17 confirm that the fabrication of double layer microchannel-
microtrench features is successful, and measurement results obtained from the PDMS 
chips are in good consistence with those got from the SU-8 masters. 
 
 























4.5 Post Molding Processing 
4.5.1 Plasma Treatment  
 
Poly Dimethyl Siloxane (PDMS) has a highly hydrophobic surface; it is normally 
needed to transform this hydrophobic surface to a hydrophilic surface which is 
desirable for most aqueous based environment. This transformation was achieved by 
using an oxygen plasma cleaner (Harrick PDC-32G). For a detailed oxygen plasma 
treatment protocol, please refer to Appendix D. 
 
Usually, 90 sec of oxygen plasma treatment is required to convert a hydrophobic 
PDMS surface to a highly hydrophilic surface, but this change is temporary. After a 
certain relaxing time of a few hours, the plasma treated surface if unused can revert 
back to its original hydrophobic state, which was reported to be due to the 
reorganization of the low molecular weight (LMW) PDMS polymer chains to the 
surface [20, 22]. Experiments have showed that long oxygen plasma treatment time for 
example 15 min can slow down its hydrophobicity recovery process. 
 
4.5.2 Thermal Aging 
 
Another option which can slow down the aforementioned hydrophobic recovery of 
PDMS was to introduce an aging process [19] prior to the plasma treatment. High 
temperature can maximally cross link the PDMS slab thus making less low molecular 
weight chains available. In practice, fabricated PDMS chip was incubated at 95 °C for 
more than two days to ensure a maximized crosslinking. 
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4.6 Summary 
A double-layer design is adopted for the microchip, with series of microtrenches 
embedded at the bottom of a microchannel. These microtrenches are intended sites for 
sensor immobilization while the microchannel is where cell grows. Fabrication of the 
chip is done through combined photolithography and softlithography. Characterization 
of the chip shows high-fidelity fabrication result. Besides, important properties of 



















Chapter 5                 
Development of Optical Microsensors 
5.1 Development of Optical Glucose Sensor 
 
Cell cultures have been widely used in many different ways, from cell based study to 
molecular and gene level research activities such as expressing heterogeneous genes 
and producing therapeutic proteins. Glucose is the major carbon source in all the 
cultures as well as an important metabolic intermediate in cell growth. Therefore, 
monitoring of glucose in cultures has been one of the most essential elements of the 
research process. As a result, many methods and devices have been developed for this 
purpose. Unfortunately, there is still no practical, in situ biosensor available to date, as 
all available commercial products are off-line devices. 
 
Glucose was traditionally measured by wet chemistry methods that were subsequently 
replaced by enzymatic reaction methods. In this project, fluorescence based optical 
detection of glucose over traditional glucose sensing approaches is chosen due to many 
advantages it can offer in the final integrated device: optical sensing is well suited for 
small volumes, relatively non-perturbing, highly specific and much easier to be 
integrated into the microfluidic devices. The most prominent fluorescence approaches 
have exploited the Concanavalin A (Con A)’s affinity for polysaccharides [51]. 
Glucose detection is based on the fluorescence energy transfer (FRET) between 
fluorescein isothiocyanate (FITC)-bound dextran and tetramethylrhodamine 
isothiocyanate (TRITC)-bound Con A [52]. In the absence of glucose, FITC-Dextran 
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binds with TRITC-ConA, and the FITC fluorescence is quenched through fluorescence 
energy transfer. With the increase of glucose level, glucose’s competitive binding to 
TRITC-Con A liberates FITC-Dextran, resulting in increased FITC fluorescence 
proportional to the glucose concentration. 
 
5.1.1 Aqueous Phase Sensor Calibration and Optimization 
 
Initial experiments were carried out in solution phase on the 96 well microplate 
platform using a microplate reader as shown in Figure 5.1. The aim of this part of 
experiments was to compare different chemical combinations for the glucose sensor, 




Figure 5.1 FLUOstar OPTIMA microplate reader 
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5.1.1.1 Comparison of Four Quencher/Donor Pairs 
 
Based on the lectin protein Concanavalin A’s affinity for sugars, four different pairs of 
Concanavalin A and polysaccharide conjugates with different fluorescence labels were 
chosen as candidates for the proposed glucose sensor. The complete list of used 
chemicals for the glucose sensor is shown in Table 5.1.  
 
Table 5.1 Chemical combinations for glucose sensing 
 
 Function Chemicals Molecular 
Weight
Manufacturer












Donor Concanavalin A, succinylated, Alexa 












Donor Lectin-Fluorescein isothiocyanate 



























Here donor or acceptor is referring to their respective role in the process of 
fluorescence resonance energy transfer (FRET); for instance, for FRET pair 1 listed in 
table 5.1, Concanavalin A tetramethylrhodajmine (TRITC) Conjugate is the 
fluorescence acceptor or called fluorescence quencher as it receives energy from the 
emission of Fluorescein isothiocyanate (FITC) – Dextran conjugate which is regarded 
as the donor in turn.  
 
All of the four chemical pairs show potential feasibility as glucose sensors, though 
there are many differences among them. The first 3 chemical pairs are all based on the 
affinity binding of Con A and dextran, with pair 1 Con A-TRITC/Dextran-FITC 
proven to be the most sensitive combination of the three to glucose. There’re several 
possible explanations for that sensitivity superiority. Firstly, consider the case where 
one dextran molecule was displaced by one glucose molecule for one of the four sugar 
binding sites in a Con A molecule. If the Con A molecule was labeled with FITC like 
pair 3, one glucose displacement occurred would not necessarily lead to the increase of 
FITC fluorescence, because the other three sugar binding sites of the Con A were still 
occupied by dextrans the quenchers, which means the displaced binding site can still 
be quenched by dextrans bonded to other binding sites. In other words, unless all of the 
four binding sites of Con A were liberated, the increase in fluorescence intensity will 
not be apparent. While in the case Con A was labeled with TRITC one displacement 
would be sufficient to cause the fluorescence increase thus offering higher sensitivity 
to glucose. Secondly, Con A labeled with FITC imposes another disadvantage in that 
the stoke shift for FITC is not that big making self-quenching of the dye a big problem.  
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The good thing about pair 2 is that it has a much better stability in terms of both photo 
bleaching and insensitivity to environmental pH shifts. This is largely due to the new 
fluorescence label Alexa Fluor® 488 developed by Molecular Probe as a better 
substitute for the traditionally used Fluorescein isothiocyanate (FITC). It is reported 
that the Alexa Fluor® 488 is six times brighter than FITC and also insensitive to pH 
changes. This would make pair 2 much more stable over time while eliminating the 
need for any recalibration of the sensing system in a short term.  
 
For pair 4, we developed the beta-cyclodextrin / Rhodamine complex as the quencher, 
which is achieved by a physical inclusion of one rhodamine molecule into the 
hydrophobic interior of the ring shaped beta-cyclodextrin molecule. This quencher pair 
shows much higher glucose sensitivity to glucose than all the previous three, due to 
their small size and weaker binding affinity between Con A and beta-cyclodextrin. 
However, given the difficulty which arises from encapsulating such small molecules, 
pair 4 is not used in the following experiment. The molecular weights of different 
chemicals are listed out in table 5.1, which are close related to the ease of 
encapsulation, with higher molecular weight meaning higher encapsulation efficiency 
thus less leaching. 
 
The following aqueous phase experiments are based on pair1 chemicals. Con A-
TRITC solution with a concentration of 2.5 mg/ml was prepared in phosphate buffer 
solution (1X PBS); a series of Dextran-FITC solutions with a concentration gradient 




Experiments were conducted to study the following: 
 
• Quenching kinetics  
• Quenching depth of varying acceptor-donor ratio 
• Effect of metal ions such as calcium ions in inducing a deeper quenching 
• The most sensitive ratio for glucose sensing 
• Calibration curve based on the most efficient ratio 
 
5.1.1.2 Quenching Depth and Quenching Kinetics 
 
At first, pipette 10 µl of the aforementioned Con A-TRITC solution each into a row of 
5 micro wells of the microplate and subsequently pipette 10 µl of Dextran-FITC 
solution with different mass ratios into each of those micro wells filled with Con A-
TRITC. Fill another row of 5 micro wells with the same Dextran-FITC gradient 
solution as used in the previous row, but this time no Con A-TRITC solution was 
added. The second row worked as controls without quenching. Then a fluorescence 
reading was obtained on the microplate reader. After that, 10 µl of 0.2M calcium 
chloride solution was added into each of those micro wells with Con A solutions and a 
fluorescence reading was obtained every 5 min after the introducing of calcium. The 
quenching profiles for different quencher ratios and the deeper quenching induced by 
the introduction of calcium is shown in Figure 5.2.  
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Figure 5.2 Fluorescence quenching of 
Dextran-FITC by Con A -TRITC
 
It is obvious that a higher quencher ratio in this case more Con A-TRITC leads to a 
deeper quenching of the donor dye.  With a quencher/donor mass ratio of 64:1, a 
quenching rate up to 98% can be achieved without extra addition of calcium. With 
providing of extra calcium ions, an even deeper quenching rate up to 99.35% can be 
achieved. 
 
It is also observed the deeper quenching induced by the addition of extra calcium ions 
had a slower rate in reaching equilibrium than the initial quenching stage where no 
extra calcium ions were introduced. This is probably due to the sugar binding protein 
Con A undergoes a significant conformational change resulting in a stronger sugar 
binding affinity. A detailed kinetic study of this process is shown in Figure 5.3. 
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Figure 5.3 Deeper quenching induced by providing extra calcium ions 
 
Figure 5.3 shows that it normally takes half an hour to reach the final stabilized 
quenching state, and this delay can largely offset the system’s strength with respect to 
its real time response. In this regard, no extra calcium is introduced into the quenching 
system in the following experiments. 
 
5.1.1.3 Ratio Optimization for Higher Glucose Sensitivity 
 
To continue with the experiment carried out in 5.1.1.2, 10 µl of 10 mM glucose 
solution was added to all of the micro wells followed with a fluorescence reading; in a 
similar manner, 10 µl of glucose solution with concentration of 100 mM, 200 mM and 
500 mM were added to the microwells subsequently with a fluorescence reading 
before each addition. The increases of fluorescence intensity for microwells with 
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different quencher ratios are shown in Figure 5.4 (1). Unit fluorescence change is 
calculated through the following formula: 
 
1fluorescence intensity after introducing of glucoseunit fluorescence change
reference fluorescence intensity before glucose
        =     −  
 
In Figure 5.4 (2), the highest unit fluorescence change under different quencher ratios 
are all normalized to 1 so as to give a clearer lateral comparison among different 
situations. It is clear that the microwell with the quencher ratio of 32:1 is most 
sensitive in most glucose concentrations except in the case of 10mM glucose where 
quencher ratio 16:1 gives out the highest fluorescence change. This indicates that 
quencher ratio of 32:1 will work well in a broad glucose range especially in relatively 
higher glucose levels while quencher ratio of 16:1 will be most effective in glucose 
concentration close to 10 mM. 
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Figure 5.4 (1) Ratio Optimization for Highest Glucose Sensitivity  
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Figure 5.4 (2) Ratio Optimization for Highest Glucose Sensitivity  
(Highest unit fluorescence change normalized to 1) 
 
Based on the quencher ratio of 32:1, a calibration as shown in Figure 5.5 was done for 
the glucose range that’s most concerned in cell culture.  
 
Glucose Sensor Calibration





























Figure 5.5 Glucose sensor calibration based on quencher ratio 32:1 
 
The calibration shows a good linearity in the glucose range from 0 to 25 mM. 
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5.1.2 Gel Matrix Phase Sensor Characterization 
This section is about the specifics in building up the glucose sensor in a gel matrix 
environment which simulates the final sensor in the microfluidic device. The basic idea 
is to first physically trap sensing materials (here Con A-FITC and Dextran-TRITC) in 
4% agarose gel, then immobilize the gel mixture on a surface to form gel dots followed 
by further encapsulating the gel dots with a Layer-by-Layer (LbL) coating process. For 
a more detailed description of the entire process, please refer to the Appendix A and 
Appendix B. 
 
Several parameters affecting the final sensor performance were investigated: 
• Number of layers of polyelectrolyte coatings for minimized bleaching without 
hindering analyte diffusivity 
• Gel strength for high trapping efficiency with sufficient flexibility for the 
interactions among trapped molecules 
• Photostability and sensing reversibility 
Several experiments were conducted under the same 96-well microplate platform to 
address each of the abovementioned issues.  
 
In the experiment to study the number of coating layers, Con A-FITC solution was 
mixed with 4% low melting point agarose. Micro-dots of 5 μL each were pipetted into 
wells on a 96-well plate. After the dots solidified, a fluorescence reading was taken 
using the FLUOstar Optima plate reader. Layer-by-Layer encapsulation was then 
carried out and a fluorescence reading was taken after every washing step. The 
fluorescence readings results are as shown below.  
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Figure 5.6 Fluorescence characterization of LbL coating 
 
The initial fluorescence intensity is normalized to 100% in Figure 5.6, and during 
coating process, certain amount of biomaterials would diffuse out of the matrix 
resulting in the decease of fluorescence. It also can be seen from Figure 5.6 that a 
dramatic decrease of fluorescence intensity occurred during the first two rounds of the 
LbL coating processes, while the fluorescence intensity became stabilized normally 
after 4 layers of coating. This means at least 4 layers of coating are needed to retain 
most of the encapsulated biomaterials, but in practice, to achieve a higher stability for 
a long term use, 8 layers of coating are adopted and proven sufficient for use over a 
period of three months. Another observation is that the percentage fluorescence of the 
dots was generally higher at the even number of layers than the odd numbered layer 
before that. This is due to the differing pH of the top polyelectrolyte layer. Although 
both polyelectrolyte solutions are approximately at pH 7, PSS is slightly more alkali 
than PAH thus giving a higher fluorescence reading (FITC is pH sensitive with higher 
fluorescence in higher pH environment). 
 67
Low Melting Point (LMP) agarose purchased from Sigma was used to prepare the 
matrix solution. 400 mg LMP agarose was dissolved in 10 ml boiling water to get an 
agarose gel solution with a weight/volume ratio of 4%.  Further dilution was carried 
out to yield 2%, 1% and 0.5% agarose matrix solution. Then a gel strength test was 
done by examining the mechanical stability of gel dot made from each of the gradient 
matrix solutions. It is found that 1% is the lowest concentration at which agarose gel 
can still maintain a good mechanical stability, while agarose solution with a 
concentration of 0.5% would be completely dissolved even by exposing the gel dot to 
PBS buffer. An agarose matrix solution which can maintain good mechanical stability 
yet in a low concentration is desirable, because it can maximally allow the expected 
free interaction among the encapsulated functional biomolecules. A calibration for 
glucose as shown in Figure 5.7 was done based on the setting below: Con A-TRITC 
solution with a concentration of 2.2 mg/ml, Con A-TRITC and Dextran-FITC mixing 
in a mass ratio of 32:1, final agarose concentration of 1%, 4 bilayers of PAH/PSS 
coating. 
 


























Figure 5.7(1) Agarose matrix based glucose sensor calibration 
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Physiological Range Glucose Sensor Calibration

























Figure 5.7 (2) Calibration for the physiological glucose range 
 
By comparing the matrix phase glucose sensor with the earlier developed aqueous 
phase sensor (Figure 5.7 and Figure 5.5), it can be seen that the matrix phase sensor 
had a smaller dynamic range and a lower sensitivity. This can be due to two main 
differences between these two environments: the availability of the amount of the 
sensing materials and the flexibility these materials have for expected free interactions.  
One fact was that, almost half of the initial sensing materials were lost during the 
layer-by-layer coating process, and this would cause a much lower working 
concentration of the sensing materials under the gel matrix condition than that in 
aqueous phase. The introduction of the agarose matrix also imposes a barrier effect for 
the expected free interactions among the sensing molecules; this could also contribute 
to the lowered sensitivity of the sensor. Both problems are closely related to the 
encapsulating gel matrix. In trying to find out the best gel matrix candidate besides 
agarose, 1% calcium crosslinked alginate hydrogel and 10% gelatin hydrogel (both 
type A and type B) were tested. Unfortunately, neither of them worked out. The 
problem with alginate is that non-transparent precipitates formed during the LbL 
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coating process which completely covered the sensor surface. For gelatin, even a 10% 
gel solution is proven too weak to maintain its shape during the coating process; all gel 
dots made of gelatin were dissolved by coating buffer. 
 
Another option to address the issue is to increase the starting concentration of the 










5.1.3 Sensor Integration with Microchip 
After completing glucose sensor tests in both aqueous phase and gel matrix phase, and 
with the successful fabrication of the PDMS microchip, it is time to build up the sensor 
on-chip. 
 70
5.1.3.1 Immobilization and Encapsulation 
 
The basic flow of the chip based glucose sensor fabrication process is shown below: 
 
Matrix solution Biomaterial 
mixing 
Filling microtrench & solidifying 
Washing 
Polyelectrolyte coating buffer 
Opposite charged coating buffer 
More layer? 
Chip ready for use 




Figure 5.8 Process flow for PMDS chip based glucose sensor fabrication 
 
First of all, biomaterial consisting of Con A-TRITC and Dextran-FITC was prepared in 
PBS buffer and mixed in a mass ratio of 32:1, and then the mixture was further mixed 
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with 4% agarose solution followed with a gentle vortex of the final mixture. During the 
mean time, the fabricated PDMS microchip was placed in oxygen plasma cleaner for 5 
min of oxygen plasma treatment, which will make the PDMS surface hydrophilic. 
Following that, use a micro pipette to draw 1-5 µl of the mixture and fill the 
microtrenches in the microchannel, if necessary, use a microscope cover glass to 
remove any access solution outside the channel and wait the filled solution to solidify. 
Solidification may take 10 to 15 min. After solidifying, fill the microchannel with 5 
mg/ml positively charged PAH coating buffer and let deposit for at least 30 min before 
discarding the coating buffer and washing the channel in 1X PBS buffer. Then fill the 
channel with negatively charged PSS coating buffer and let deposit for at least 15 min 
before discarding and washing. Following layers were done in a similar manner with 
each layer for 10 min. Normally, a total of 8 layers were coated to ensure an efficient 
encapsulation. Figure 5.9 shows a series of snap shots of a microtrench through out the 
abovementioned process. The sensor microtrench in general takes on a red color, 
which is due to the fact that much more quencher molecules (labeled with red dye) are 
present than donor molecules which are labeled with green dye.  
 
   
           (1) Before immobilization                                   (2) Gelation 
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                 (3) Solidified                                              (4) First layer coating 
  
   (5) Finished with 8 layer coating          (6) Fluorescence Image 
 
Figure 5.9 Snapshots of a microtrench during immobilization & layer-by-layer coating 
 
As discussed in section 5.1.2, concentration of the matrix solution used plays a critical 
role in defining the retaining rate of the sensing material. Thanks to the protection of 
the microtrenches, a slightly higher retaining rate of biomaterials was observed here 






5.1.3.2 Automation of Layer-by-Layer Coating 
 
The repetitive Layer-by-layer process is fully automated by computer controlling a 
precise pump (Ismatec compact multichannel variable speed) and a manifold valve 
(Cole-Parmer manifold mixing solenoid valve) which can switch among different 
coating buffers including positively charged PAH, negatively charged PSS and PBS 
washing buffer. Figure 5.10 (1) shows the whole system setup for the coating process. 
The control software as shown in Figure 5.10 (3), developed under National 
Instrument’s LabVIEW 8, provides a friendly graphical user interface, from which you 
can easily specify the pumping rate, coating sequence, coating time for different buffer 





Microchip in coating Voltage Output 
Tubes  NI Relay Control 
Pump  
Figure 5.10 (1) Automated Layer-by-Layer coating setup 
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NI Relay Control 
 
Manifold Valve  Three channels  
 
Figure 5.10 (2) Zoom in image for 5.10 (1) 
 
 
Figure 5.10 (3) Software interface of the coating control system 
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The success of the Layer-by-Layer coating is confirmed by measuring the stabilized 
fluorescence of the microchannels after coating the channels with a fluorescence 
labeled PAH coating buffer prepared as in [53]. Figure 5.11 illustrates the difference 
between a coated and uncoated microchannel. This fluorescence labeled coating buffer 
is substituted by its non-fluorescence counterpart in the real sensor coating process in 
order to minimize the unwanted fluorescence background.  
 
 
Figure 5.11 (1) Microchannel without LbL coating 
 
 
Figure 5.11 (2) PAH-FITC coated microchannel after washing for 5 hrs 
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5.1.3.3 Sensor Calibration and Photostability Test 
 
Calibration for the microchip based glucose sensor is shown below: 
Microtrench Glucose Sensor Calibration




























Figure 5.12 Microtrench glucose sensor calibration 
 
By comparing this calibration curve with the one shown in figure 5.7 (2), it can be seen 
that both dynamic range and sensitivity dropped for the current one, which was 
thought due to the similar reasons explained before - the low concentration of 
encapsulated sensing material and the lack of free interaction among these molecules. 
This is also consistent with results reported in an earlier time [54], though much 
improvement has been achieved. To further improve the performance of the sensor, a 
better encapsulation method with higher encapsulation efficiency as well as higher 
flexibility for encapsulated molecules is needed. 




A photostability test is done by exposing the sensor chip to a continuous blue light 
excitation. The fluorescence intensity profile under one hour’s constant excitation is 
shown in Figure 5.13. A quick decease in fluorescence intensity indicating a serious 
photo bleaching occurred in the first 10 minutes, and the fluorescence reached 
stabilization at 70% of the initial fluorescence intensity after about half an hour. 
 

































5.2 Development of Optical pH Sensor 
Fluorescein isothiocyanate (FITC) has been widely used in biology and medicine as a 
fluorescent marker for various purposes, and in the previous sections of this paper, it 
was used as the fluorescence donor in building up a sensitive glucose sensor, however 
at the same time, FITC also displays pH- indicative properties and has been used as pH 
sensor for intracellular pH measurement [46].  
 
A FITC based optical pH sensor is developed under a similar scheme to the glucose 
sensor except that for the pH sensor only one fluorescence conjugate is involved. 
Fluorescein isothiocyanate – Dextran 500000-Conjugate (from Fluka) was used as the 
sensing material, and the reason for choosing this conjugate is largely due to its overall 
large molecular weight thus making the material encapsulation easier. 0.05 mM of 
FITC-Dextran 500000 conjugate solution was mixed with matrix solution and 
subsequently used to fill the microtrenches in the microchannel followed by layer-by-
layer encapsulation. A well fabricated pH sensor microtrench is shown in Figure 5.14. 
 
 
Figure 5.14 Fluorescence image of a microtrench pH sensor 
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A series of pH gradient solutions with pH ranging from 4 to 10 were prepared using 
1X PBS buffer with sodium hydroxide and hydrogen chloride. By flowing through the 
microchannel the prepared gradient solutions, a pH calibration curve was obtained as 
shown in Figure 5.15. 
 



























The result shows the dye has only a small dynamic range between pH 6.6 and pH 8. 
However, this small dynamic range is sufficient for most cell culture situations where 















5.3 Development of Optical Oxygen Sensor 
 
Since oxygen level in the cellular microenvironment is another important parameter, 
an oxygen sensor based on a Ruthenium complex is developed. Similar to glucose 
sensing demonstrated in previous sections, the sensing mechanism here is also based 
on fluorescence quenching; the difference lies in that for oxygen sensor, oxygen itself 
acts as the quencher. Being a triplet molecule, oxygen is able to quench efficiently the 
fluorescence of the ruthenium reporter. The degree of fluorescence quenching relates 
closely to the concentration of the oxygen available; in other words, higher oxygen 
level, higher quenching rate thus less fluorescence emitted. Noted here is that it is an 
inverted relationship between the measured fluorescence intensity and corresponding 
oxygen concentration. 
 
Another big difference of the oxygen sensor from the pH and glucose sensor is the 
encapsulation method. For both glucose sensor and pH sensor, matrix assisted Layer-
by-Layer coating process is applied to ensure a high encapsulation efficiency. 
However, for oxygen sensor, given the excellent oxygen permissibility of 
Polydimethyl Siloxane (PDMS), a direct entrapment of ruthenium complex in PDMS 
polymer network is used. In particular, this entrapment is achieved by first mixing 
dissolved ruthenium complex with PDMS prepolymer and curing agent followed by a 
thermal driven cross linking of PDMS.  
 
Tris(4,7-diphenyl-1,10-phenanthroline)ruthenium(II) dichloride complex was 
purchased from Fluka and was used as received. Dissolve the ruthenium complex in 
ethanol with a final concentration of 1 mg/ml. Then mix the ethanol dissolved 
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ruthenium with PDMS polymer base and curing agent in a volume ratio of 1:10:1, 
followed by mechanical stirring until an evenly distributed yellowish mixture as shown 




Figure 5.16 Ruthenium complex mixtures ready for sensor immobilization 
 
 
After that, fill PDMS microtrenches using the prepared mixture; remove any excess 
besides the microtrench if necessary. Subsequently, put the mixture in a vacuum 
chamber for degassing of 30 min. This is to remove any trapped bubbles during the 
immobilization process, and at the same time, most of the dissolved oxygen is also 
removed resulting in a bright fluorescence as shown in Figure 5.17.  Finally, place the 
immobilized PDMS chip in an oven for at least 3 hrs’ incubation at 65°C. 
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Figure 5.17 (1) Fluorescence image of              (2) Fluorescence image of microtrench 
 microtrench right after degassing              5 hrs after degassing 
 
After the incubation, the filled mixture solution should have well cross linked resulting 
in a good encapsulation of the ruthenium complex inside the polymer network. A two 
point calibration as shown in Figure 5.18 was done by measuring sensor fluorescence 
intensity at 0% oxygen concentration and 21% oxygen concentration which is the 
atmosphere oxygen level. Zero oxygen environment was achieved by bubbling 
nitrogen gas into a PBS solution for 5 hrs. 
 





























Figure 5.18 Calibration of ruthenium oxygen sensor 
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5.4 Summary 
In this chapter, three fluorescence based optical sensor were developed: pH sensor, 
oxygen sensor and glucose sensor, with the focus in the development of the affinity-
binding glucose sensor. Prior to build the glucose sensor on the PDMS chip, 
calibration of different fluorescence conjugates and optimization of quenching ratio 
were first carried out in aqueous environment. Then the glucose sensor was fabricated 
in gel matrix phase using the microplate platform. A standard sensor development 
protocol was developed in this part, and some characterization of the gel phase sensor 
was done. Then the integration of the glucose sensor on the sensor chip was achieved 
in a slightly modified protocol of the one developed in gel matrix. Development of pH 
sensor followed a similar process as glucose sensor, while the development oxygen 
sensor was through direct entrapment of ruthenium dye by crosslinked PDMS. In the 
next chapter, specific applications of the microchip in cell culture and in cellular 










Chapter 6             
Sensing of Cellular Microenvironment 
6.1 Cell Culture 
6.1.1 β-TC-6 Cell Culture in Flask 
 
Beta cells (beta-cells, β-cells) are a type of cells in the pancreas in areas called the 
islets of Langerhans. Beta cells make and release insulin, a hormone that controls the 
level of glucose in the blood. β-TC-6 cells in particular, is an insulin-secreting cell line 
derived from transgenic mice expressing the large T-antigen of simian virus 40 (SV40) 
in pancreatic beta-cells. Much research is being done on the functional characterization 
of this cell line and especially its effect in regulating glucose levels. 
 
A conventional cell culture methodology is adopted for culturing the β-TC-6 cells 
(ATCC). The complete media used in culturing β-TC-6 cells is comprised of high 
glucose level Dulbecco’s Modified Eagle’s Medium (DMEM), Fetal Bovine Serum 
(FBS) and antibiotics of Penicillin-Streptomycin, with a mixing volume ratio of 89% 
to 10% to 1%.  0.05% Trypsin-EDTA was used in harvesting cells from flasks. DMEM 
was ordered from Sigma, while all others items were purchased from GIBCO. 
 
A good cell attachment profile of the cultured β-TC-6 cells is shown in Figure 6.1. It 
normally takes 6 days from the state shown in Figure 6.1 (1) to reach the typical 90% 
cell confluency as shown in Figure 6.1 (3). 
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Figure 6.1 (1) β-TC-6 cells in T-75 flask, 3 days after sub-culture X 100 
 




Figure 6.1 (3) β-TC-6 cells in T-75 flask, 6 days after sub-culture X 100 
 
 
For cell culture reaching 90% confluency, a one to two sub-culture was conducted; 
harvested cells were also made into cell stocks for long term use. For detailed 
protocols in cell subculturing and making cell stocks, please refer to Appendix G. 
Viable cell counting was conducted for cell stocks using a homocytometer. Trypan 
blue, a commonly used vital stain in selectively coloring dead tissue or cells, was used 
in the dye exclusion process. Dead cells will be stained in blue while viable cells will 







Fractured cell segments 
 
 
Live cells (unstained) Dead cell (blue) 
Figure 6.2 Trypan blue based viable cell counting 
 
6.1.2 β-TC-6 Cell Culture on Polystyrene Sheet 
 
The primary goal of this project is to develop a microchip with built-in sensors on one 
surface of the microchannel and cells culturing at the opposite side surface of the 
channel. In order to use the fabricated sensor chip for cellular environment monitoring, 
another surface suitable for cell culture is needed for combining with the sensor chip. 
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Here we use collagen coated polystyrene surface to fulfill that role. And in order to 
shorten the cell culture process, we pre-cultured β-TC-6 cells on a piece of polystyrene 
sheet immersed in culture media as shown in Figure 6.3; this polystyrene sheet with 
attached cells on its surface is later directly combined with the sensor chip. In this way, 
we can establish a typical cellular microenvironment in the microchannel right after 
the combination of the two surfaces. Standard cell culture in microchannel without pre-
culturing outside the channel is demonstrated by my colleague Darren Tan 
(unpublished data). 
 
Figure 6.3 Cell culture on a polystyrene sheet 
 
The polystyrene sheet was cut off directly from the bottom surface of a T-25 cell 
culture flask. Using the surface cut from a culture flask is simple and it also ensures a 
good surface property for cell attachment. Clean the polystyrene surface before put it 
in a Petri dish. Pipette some cell suspension on the polystyrene surface. Then add 
about 10ml complete media to the Petri dish and place it in the cell incubator. Because 
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polystyrene is a much friendlier surface than that of Petri dish, only cells attached to 
the polystyrene surface will grow as shown in Figure 6.4. 
 
 
Figure 6.4 (1) Cells on the polystyrene surface 
 
Figure 6.4 (2) Cells on the Petri dish surface 
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6.2 Microchip System Assembly 
6.2.1 Sterilization 
 
Sensor sterilization is an important step for any sensors developed for cell culture 
monitoring purposes or for any other living tissue involved applications such as 
implantation. A proper method of sensor sterilization needs not only to ensure the 
needs of sterility assurance but also to guarantee the functional stability of the sensors, 
and this is especially important when enzymes or proteins are used as part of the sensor. 
One such relevant sterilization method [55] was developed for an enzyme based 
glucose sensor.  
 
In particular to this project, the aim of sterilization is to minimize any bacterial 
contamination of the cell culture in the system assembly process and at the same time 
to maximally retain the bio-functionality of the immobilized biomolecules in the 
sensor chip. To achieve that, system assembly was done inside a biological safety 
cabinet, and everything must be sterilized before putting them into the cabinet. 70% 
ethanol is used for sterilizing most of the plastic and glass wares. UV disinfection can 
be also applied for those items. Disinfection of the PDMS chip is critical, because the 
PDMS microchannels and microtrenches would be in direct contact with the cell 
culture. Care must be taken when disinfect the sensor chips so as to ensure effective 
disinfection yet without destroying the encapsulated sensing materials. For PDMS 
chips built for pH and oxygen sensors, 30min UV sterilization was used.  
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For glucose sensor chip, UV disinfection is not suitable because long time exposure to 
UV radiation would denature the encapsulated protein Con A-TRITC. Ethanol cannot 
be used either, for the same reason of denaturing proteins. Alternatively, a mechanical 
filtration based sterilization strategy was closely followed throughout the process in 
fabricating the glucose sensor. All solutions involved were filtered by a filter with the 
pore size of 0.2 µm, and all the operations including immobilization and layer-by-layer 
coating were carried out inside the laminar flow hood. This would ensure that each 
operation step was sterilized, with the final glucose sensor chip being maximally 
sterilized. A filter with pore size of 0.2 µm can effectively remove bacteria. If viruses 
must also be removed, a much smaller filter with pore size around 20 nm could be used. 
 
6.2.2 System Assembly 
 
A simple description of assembly would be to bring the PDMS sensor chip and cell 
attached polystyrene sheet together. Normally, the sealing of the PDMS microfluidic 
devices is achieved with the help of plasma treatment, which will result in a permanent 
bonding of the two plasma treated surfaces. In our case, neither of the two surfaces can 
be plasma treated, which would otherwise destroy either the cell surface or the 
immobilized sensors. Alternatively, a pair of casing adaptors was mechanically molded 
in such a way that they can hold the sensor chip and polystyrene sheet together through 
the use of screws. These adaptors were made from acrylic glasses, with good 
mechanical stability and good optical property. Use of these adaptors is through the 
courtesy of Partha Roy and Darren Tan. All major parts needed for the assembly 
including cell attached polystyrene sheet, PDMS sensor chip and one pair of adaptors 




Cell attached polystyrene sheet  PDMS sensor chip 
Adaptors for casing Figure 6.5 Microchip system pre-assembly 
 
To start the assembly, first anchor the PDMS sensor chip onto the adaptor that’s in the 
far right side as in Figure 6.5. Use tubing connectors to facilitate the anchoring. Then 
take out the polystyrene sheet from the Petri dish and wash with 1X PBS buffer. Fit the 
washed polystyrene sheet into the recess area of the other adaptor. Place the two 
adaptors in vertical and in parallel, align them carefully before attach them together. 
Then tight the screws on the adaptors, care must be taken to make sure the screws are 
neither too tight nor too loose, the pressure should be distributed evenly among the 
screws. Add immediately the completed assembly into the perfusion loop by 
connecting inlet and outlet tubes to the connectors on the micropump. Set the 
micropump to the right flow rate and start perfusion. The completed system is shown 




 Cell culture media Micropump 
 
Microchip in acrylic case Perfusion direction 
Figure 6.6 Complete perfusion system for microchip cell culture 
 
This is a closed perfusion system with that the waste of cell metabolites will circulate 
back to the culture media reservoir, but this will not impose any negative effect to cells 
because the tiny amount of waste can be diluted thousands of times given the large 
reservoir volume (several milliliters) and the ultra low flow rate required in the 
microchannel (several microliters per minute). One advantage of a close perfusion 
system is that it dramatically reduces the possibility of any contamination. The home 
made media reservoir was made from a modified syringe and filter cap, which ensures 
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sufficient exchange of gases, yet also minimizes the introducing of contaminations to 

























6.3 On-chip Analysis of Cellular Microenvironment 
With the completed cell culture perfusion system, the measurement of parameters such 
as pH, oxygen and glucose concentration in the cellular microenvironment becomes 
very simple, easy and handy. More importantly, the measurement is in-situ (no need to 
transfer the cell media out of the microchannel for the assay), reagentless (no need to 
introduce any chemical reagent for the assay) and real time (fast response). 
 
6.3.1 Measurement of Glucose 
 
To conduct a real time in-situ analysis of the cell culture microenvironment, the entire 
microchip cell culture perfusion system was placed directly on the microscope 
platform as shown in Figure 6.7.  
 
 
Figure 6.7 Microchip cell culture system on the microscope platform 
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The setup offers the possibility of conducting real time fluorescence measurement 
while the perfusion was still going on with embedded microtrench sensors in close 
proximity to cultured cells (around 50 µm). It is also a reagentless assay where no 
extra reagents were introduced into the cell culture system. Simply put the microchip 
under the microscope, take a fluorescence image of any particular microtrench sensor, 
and based on the fluorescence intensity and the calibration curve, the exact glucose 
concentration in the cellular microenvironment can be calculated. Figure 6.8 showed a 
photograph when a glucose measurement was in process. 
 
On-going media perfusion Real time fluorescence imaging  
 
Figure 6.8 Real Time fluorescence imaging for glucose microsensors 
 
There are two options in testing the sensor’s response to different concentrated glucose: 
one is to flow through the microchip culture media with different glucose 
concentrations; the second option is to vary the perfusion rate of the culture media, and 
with the consumption of glucose by cells in the microchannel, different glucose 
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concentration will be generated in the microchannel. Here we chose the second option 
to test the sensor’s response to glucose. Shown below in Figure 6.9 is what the glucose 
sensor microtrench looks like under microscope, in both phase contrast mode and 
fluorescence mode. Figure 6.10 showed four fluorescence images of the same sensor 
but under different flow rate of the culture media.  
  
Figure 6.9 (1) Phase contrast image of sensor microtrench (2) fluorescence image 
 
         
       0 µl/min                        1 µl/min                        4 µl/min                     10 µl/min 
Figure 6.10 Fluorescence image under different cell media perfusion rate 
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The glucose concentration in the microchannel is established by a dynamic equilibrium 
between the glucose supply via perfusion and consumption by the cells in the channel. 
It can be seen from Figure 6.10 that the sensor had detected an increase in fluorescence 
intensity with the increase of perfusion rate. This suggests that a higher glucose 
concentration was present when a higher perfusion rate was used. This can be 
explained as follows: first of all, the number of cells in the microchannel, and hence 
the rate of glucose consumption, can be assumed to be constant given the short period 
of time during which the measurements were conducted. Furthermore, since the 
glucose concentration in the incoming culture medium is fixed, a higher flow rate 
would result in an increased supply of glucose to the microchannel, and as such,  
reduced glucose axial gradients over a wide range of glucose uptake kinetics (zeroth 
and first order, or Michaelis-Menten kinetics) by the cells [56]. This reduced glucose 
axial gradient is reflected as higher fluorescence intensity as seen in Figure 6.10. 
 
Glucose sensing in a biological fluid like cell culture media presents a lot of 
difficulties, because in the media there are many different substances such as enzymes 
which may potentially block or interfere with the sensor’s glucose sensing 
functionality[35]. Our sensor shows good robustness in real cell culture environment, 
and this is thought due to the layer-by-layer coatings which work well in keeping many 
of the large molecules presented in the cell culture media from entering the sensor and 
interacting with the encapsulated biomaterials. However, one problem the sensor 
suffers is the weak adhesion of the sensor matrix to the PDMS surface. Parts of the 
sensor matrix when subjecting to higher flow rate can be flushed away from the area it 
was attached. As shown in Figure 6.10, the fluorescence intensity is not evenly 
distributed along the microtrench; there are certain relatively dark areas in the middle. 
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These areas look darker because some sensor matrix was flushed away thus resulting 
in a thinner sensing layer remaining in the microtrench. 
 
Another thing to note is that the red fluorescence image in Figure 6.9 (2) is much 
brighter than those green fluorescence images in Figure 6.10, although it is the same 
sensor imaged under the same exposure settings. That is due to the glucose sensor was 
made with a quencher/donor mass ratio of 32:1, which means there were much more 
fluorescence quenchers than donors, thus higher red fluorescence intensity than green. 
 
All fluorescence images were taken on a Nikon Eclipse TE2000 inverted fluorescence 
microscope which was coupled to a Nikon DMX1200 DIGITAL CAMERA. Nikon 
ACT-1 imaging software was used to capture both fluorescence and phase contrast 
images. Image-Pro Plus imaging software was used to measure and quantify 
fluorescence intensities of the captured images. Software interfaces of ACT-1 and 
Image-Pro Plus are shown in Figure 6.11. In order to have a most accurate 
quantification of the fluorescence intensity, the mercury lamp of the microscope was 















Figure 6.11 (2) Quantification of fluorescence intensity using Image-Pro Plus 
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6.3.2 Extra-cellular pH Sensing 
For measurement of pH in the cellular microenvironment, the same procedures were 
followed as in preparing for glucose measurement. Bright field image and fluorescence 
image taken from the same pH microsensor are shown below: 
 
          
Figure 6.12 Bright field image and fluorescence image of the pH microsensor 
 
Calculation of fluorescence intensity of the pH microsensor shows that the pH value in 
the cellular microenvironment was about 6.8, which indicates a slightly acidic cell 
culture media environment. This is thought due to that the low flow rate (1 µl/min) 
used under the current circumstance is not sufficient in carrying away the cell 
metabolites. From the phase contrast image of the pH microsensor, it can be seen that 
cells were growing well in the microchannel and the microtrench sensor does not 
impose any danger to its surrounding cells. 
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6.3.3 Oxygen Level Analysis 
The measurement of oxygen level in the cellular microenvironment is no difference 
from glucose and pH measurements except an instrumentation reconfiguration for the 
epi-filter sets of the microscope. Excitation filter (450 nm) and emission filter (590 nm) 
are used tailoring to the ruthenium dye’s big stoke shift. Images of one oxygen 
microsensor under different cell media flow rates are shown below: 
 
 
Figure 6.13 (1) Fluorescence and bright field image of the oxygen microsensor  
under flow rate of 2 µl/min 
 
 
Figure 6.13 (2) Fluorescence and bright field image of the oxygen microsensor  
under flow rate of 0.1 µl/min 
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Figure 6.13 shows the fluor es of a microtrench oxygen 
sensor, under perfusion at 2 µL/min for the first two hours and then at 0.1 µL/min for 
the next two hours. 
 
As in the case of glucose, the oxygen concentration in the microchannel is established 
by a dynamic equilibrium between oxygen supplied by perfusion and consumption by 
the cells in the channel. Despite the relatively high permeability of PDMS to oxygen 
[57], oxygen diffusion from the atmosphere into the channel is negligible given the 
thickness of the PDMS chip (about 5 mm) [58]. Different oxygen concentrations in the 
channel were achieved by varying the perfusion rate of the culture medium. As can be 
seen in Figure 6.13, an increase of fluorescence intensity was observed when a lower 
flow rate was applied, suggesting a decrease in oxygen concentration. This decrease is 
expected since consumption by the cells remains constant despite a reduction in supply 
by perfusion. A reduced oxygen concentration resulted in reduced quenching of the 
Ruthenium complexes, and thus increased fluorescence intensity. 
 
In addition to the increase in fluorescence intensity, a change in cell morphology was 
observed when the low flow-rate was maintained. In Figure 6.13(1), the cells in the 
channel, perfused at the higher flow-rate, show attachment and spreading similar to 
that observed in-vitro, while in Figure 6.13(2), where the lower flow-rate was used, 
more than half of the cells have detached from the surface and assumed a spherical 
morphology, probably due to loss of viability from the combined depletion of oxygen 
and glucose. 
 
escence and bright field imag
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In Figure 6.14, fluorescence intensity is plotted against the varied flow rate in the 
primary axis at the right side of the chart, and meanwhile it is related to expected 
oxygen level of the media in the secondary axis at the left side of the chart. This 
correlation is done through a two-point calibration. Fluorescence intensity obtained 
with no flow or under stopped perfusion is related to 0% oxygen level while 
fluorescence intensity obtained under saturated air condition is related to 21% oxygen 
level. 
 

































Figure 6.14 Oxygen quenching under varied flow rate 
 
One more interesting observation is that, under fixed flow rate, there is an oxygen 
concentration gradient formed along the microchannel, with a higher oxygen level at 
the inlet end of the channel (inlet is where the cell culture media flows in). This 
gradient is quantified by examining the fluorescence intensity of the seven separate 
oxygen sensor microtrenches stretched evenly along the microchannel. Oxygen 
gradient profile is shown in Figure 6.15. Correlation of the fluorescence intensity to 
oxygen concentration is done in the same manner as for Figure 6.14. 
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Figure 6.15 Oxygen gradient in the direction of the flow 
 
Note here the coordinates on the x-axis refer to the index of the microtrenches along 
the channel; in particular, 1 refers to the first microtrench on the inlet end of the 
channel while 7 refers to the seventh microtrench on the inlet end of the channel or the 
first microtrench on the outlet end of the channel. 
 
 
The formation of an oxygen gradient along the channel is interpreted as follows. When 
media flows through the microchannel, oxygen carried by media is kept being 
consumed by cells, which means at the downstream of the flow, or the outlet side of 
the channel, oxygen concentration is lowered due to the consumption occurred during 





6.4 Toxicity Study 
A toxicity study of the sensor microtrench was conducted by comparing the cell 
proliferation profile of those cells close to the microtrench with those away from the 
microtrench. As can be seen from images below, cells proliferate well at areas close to 
the sensor microtrench, and no discontinuity in cell proliferation was observed along 
the entire microchannel. 
 
 
Figure 6.16 (1) Cells close to microtrench at 12 hrs of media perfusion 
 
Figure 6.16 (2) Cells close to microtrench at 24 hrs of media perfusion 
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6.5 Summary 
In this chapter, β-TC-6 cells were pre-cultured on a piece of polystyrene sheet before 
combining with the microchip. Different sterilization strategies were adopted to ensure 
an effective disinfection without damaging the encapsulated sensing materials. After 
system assembly, on-chip measurement of pH, oxygen and glucose concentration of 
the cellular microenvironment were demonstrated. Sensor showed expected response 
in the real cell culture environment. The microchip system also showed good stability 


















Chapter 7         
Conclusions and Recommendations 
7.2 Conclusions 
 
Overall, the design of the double layer PDMS microchip with dedicated layers for cell 
culture and sensor immobilization is proven to be workable in realizing integrated on-
chip cell culture and in-situ cellular microenvironment measurement. Culturing of β-
TC-6 cells in microchannels is successful and on-chip sensing of pH, biological 
oxygen level and glucose concentration of the cellular microenvironment are 
demonstrated. The microchip system shows good stability, biocompatibility, and 
flexibility in tailoring for different applications.  
 
The integration of optical microsensors with the microchip is successful. Two different 
methods are used in the integration. For pH and glucose sensors, matrix assisted layer-
by-layer coating technique is used and it shows PAH/PSS based layer-by-layer coating 
can produce reliable multilayer coatings with tunable thickness. Agarose gel matrix 
with concentration between 0.5% and 4% is most suitable for entrapment of Con A, 
the sugar binding protein. For oxygen sensor, PDMS itself can function as good 
entrapment matrix for the ruthenium complex; PDMS after crosslinking shows very 
high encapsulation efficiency, though it is reported that reorganization of low weight 
PDMS chains could cause leaching. Good oxygen permeability of PDMS is critical for 
the oxygen sensor’s success. 
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For the fabrication of the PDMS chip, modified microfabrication process based on 
double exposure is working well in manufacturing high fidelity master mold. Negative 
photoresist SU-8 2150 & 2050 are able to generate high aspect ratio (>20) 3 
dimensional features. PDMS is able to maintain the high aspect ratio through the 
process of replica molding. PDMS also shows good biocompatibility, gas permeability 
and thermal stability. 
 
For the development of fluorescence quenching based glucose sensor, Con A-TRITC 
and Dextran-FITC functions as a good acceptor/donor pair for fluorescence quenching. 
An acceptor/donor ratio of 32:1 shows the highest sensitivity for glucose. Glucose 
sensor made in gel matrix and in microtrenches has a lower sensitivity and smaller 
dynamic range which is suspected due to the less amount of sensing material available 















Matrix assisted Layer-by-Layer encapsulation is adopted in this study. There are also 
many other encapsulation methods can be considered such as sol-gel encapsulation, 
UV induced polymer crosslinking and direct covalent linking. Sol-gel technologies 
may offer a higher flexibility for encapsulated biomolecules. UV induced polymer 
crosslinking has the advantage of easy in operation and good in mass producing. Direct 
covalent bonding has the potential of zero bleaching because there’s no encapsulating 
film involved, biomolecules are directly anchored to the substrate surface through 
covalent bond.  
 
Con A-TRITC and Dextran-FITC was used as the glucose sensing pair in this study, 
with photobleaching and self-quenching being the two major problems for 
fluorescence label used. Molecular Prove has developed new substitutes with improved 
photostability and higher quantum yield for both FITC and TRITC, which are Alexa 
Fluor® 488 and Alexa Fluor® 555. So a new glucose sensing pair of Con A- Alexa 
Fluor® 555/Dextran- Alexa Fluor® 488 is likely to have a much better sensing 
performance. Besides fluorophore conjugates, quantum dots conjugates with sensing 
abilities can be a very promising candidate for this application. 
 
From the instrumentation point of view, using a photomultiplier tube (PMT) or a 
dedicated fluoremeter to substitute the currently used CCD camera may boost the 
prescribed system to a much higher sensitivity.  
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Finally, the microchip system is developed as a generic platform for any type of 
sensing in the microscale. The system can be potentially tailored to be used in other 
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Appendix A Microplate based Glucose Sensor Fabrication 
Making Sensor Gel Dots 
1. Dissolve Con A-TRITC and Dextran-FITC separately in 1X phosphate buffer 
saline (PBS) to a chosen concentration.  
2. Pipette certain amount of the prepared FITC-Con A and TRITC-dextran 
solution into an eppendorf tube and vortex the mixture.  
3. Incubate the mixture in a water bath at 48 °C for 10 minutes. 
4. Add certain amount of 4% low melting point agarose solution to the mixture, 
mix well and incubate the mixture at 48°C for another 10 minutes.  
5. Pipette certain volume of the mixture solution into a well of a 96-well plate to 
form one gel dot and multiple to the desired number of dots. 
6. Leave the gel dots to solidify for 20 minutes. 
 
Layer-by-Layer Encapsulation 
7. Add certain amount of 5 mg/ml PAH coating buffer into each well with the gel 
dots and discard the PAH after 15 minutes. 
8. Wash the gel dots with 1X phosphate buffer saline (PBS) twice. 
9. Add the same amount of 5 mg/ml PSS coating buffer into each well with the 
gel dots and discard the PSS after 15 minutes. 
10. Wash the gel dots with 1X phosphate buffer saline (PBS) twice. 
11. Repeat steps 7 – 10 until the desired number of coatings of polyelectrolyte are 
reached. 
12. Store the sensor gel dots in PBS buffer before use. 
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Appendix B Microchip based Glucose Sensor Fabrication 
Sensor Sites Filling 
1. Prepare mixture solution in the same manner as in Appendix A. 
2. Treat the PDMS microchip with oxygen plasma as in Appendix D. 
3. Fill microchannels of the PDMS chip with the mixture solution, make sure the 
solution covered the entire channel and minimize the trapping of air bubbles 
during filling. 
4. Remove excess solutions in the channel by scraping using a leveled cover glass, 
and leave only the micro-cavities at the bottom of the channel being filled. 
5. Leave the filled solution to solidify for 15 minutes. 
 
Layer-by-Layer Encapsulation 
6. Add certain amount of 5 mg/ml PAH coating buffer to the microchannel (with 
the help of capillary force) and discard the PAH after 60 minutes for the first 
layer. 
7. Wash the channel with 1X PBS twice. 
8. Add certain amount of 5 mg/ml PSS coating buffer to the microchannel and 
discard the PSS after 30 minutes for the second layer. 
9. Wash the channel with 1X PBS twice. 
10. Repeat steps 6 – 9 until the desired number of layers of polyelectrolyte coating 
are reached (Note: Starting from the third layer of coating, each layer of PAH 
or PSS coatings was done in 10 min). 
11. Store the chip in 1X PBS buffer before use. 
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Appendix C Microchip based Oxygen Sensor Fabrication 
Sensor mixture preparation 
1. Dissolve the ruthenium complex in 99.9% ethanol (or DMSO) with a final 
concentration of 1 mg/ml. 
2. Draw certain amount of the ruthenium solution, PDMS prepolymer and PDMS 
curing agent with a volume ratio of 1:10:1. 
3. Mix the ruthenium solution with PDMS curing agent in a 1:1 volume ratio, and 
vortex to get a well mixed suspension. 
4. Further mix the suspension with PDMS prepolymer, make sure the added 
PDMS prepolymer is 10 times the amount of the curing agent. Special care 
must be taken here due to the high viscosity of the PDMS prepolymer. 
5. Vigorous mechanical stir was conducted for the mixture until an evenly 
distributed yellowish mixture was achieved. 
 
Immobilization and incubation 
6. Fill PDMS microtrenches with the mixture. (Note: the PDMS chip used here 
was without prior oxygen plasma treatment, contrast that in Appendix B) 
7. Remove any excess besides the microtrenches using a cover glass if necessary. 
8. Place the immobilized chip in a vacuum pump for degassing of 30 min to 
remove any trapped bubbles in both the mechanical stirring process and 
mixture immobilization process. 
9. Transfer the degassed chip then to an incubator and incubate at least 3 hrs at 65 
°C. 
10. Store the chip in room temperature for future use. 
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Appendix D Oxygen Plasma Treatment of PDMS Chip 
1. Prepare the sample to be treated, make sure the sample is clean and dry. 
2. Open oxygen regulator valve, set oxygen pressure to 1.4 mbar. 
3. Place the sample into the chamber of the plasma cleaner with forceps, with the 
surface to be treated facing up. 
4. Position chamber door and hold in place.  
5. Switch on the vacuum pump, let go the chamber door once the vacuum is 
sufficient to hold it in place. 
6. Hold vacuum for 5 min. 
7. Open oxygen needle valve; maintain working oxygen pressure at 0.8 mbar. 
8. Allow oxygen gas bleeding into the chamber for 1 min. 
9. Close the oxygen needle valve. 
10. Switch on plasma cleaner, turn the knob to adjust radio frequency to high. 
11. Time 5 min once blue glow of oxygen plasma is observed. 
12. Switch off the plasma cleaner and switch off the vacuum pump. 
13. Open oxygen needle valve to allow oxygen to equalize the chamber pressure. 
14. Remove chamber door carefully once pressure equalizes. 
15. Close oxygen regulator valve. 








Appendix E Master Fabrication by Photolithography 
For thicknesses of 50 µm for microchannel layer and 200 µm for microtrench layer 
First round 
1. Switch on two hot plates, set 65 °C for one hot plate and 95 °C for the other. 
2. Take out one piece of 4 inch silicon wafer from wafer box, clean it using a 
nitrogen gun and place it well at the center of the spin coater stand. 
3. Edit coating recipe for the first round of coating: ramp from 0 to 500 rpm @ 
100 rpm/s, hold 5s @ 500 rpm, ramp from 500 rpm to 2500 @500 rpm/s, hold 
at 2500 rpm for 20 s, end coating. 
4. Open the bottle for SU-8 2050 and carefully dispense 3 ml of the photoresist to 
the center of the silicon wafer. 
5. Start coating. 
6. Remove the accumulated photoresist at the wafer edge by applying some 
acetone to those areas. 
7. Place the wafer on the 65 °C hotplate for 2min and then transfer it to the 95 °C 
hotplate for another 8 min. 
8. Remove the wafer from the hotplate and let it cool down to room temperature. 
9. Load the microchannel photomask; load the wafer substrate into the aligner. 
10. Expose the substrate under 365 nm UV light for 40 s. 
11. Unload the substrate from aligner. 
12. Place the substrate on the 65 °C hotplate for 3 min. 






14. Edit coating recipe for the second round of coating: ramp from 0 to 500 rpm@ 
100 rpm/s, hold 5s @ 500 rpm, ramp from 500 rpm to 2000 rpm@500 rpm/s, 
hold at 2000 rpm for 30s, end coating. 
15. Open the bottle for SU-8 2150 and carefully dispense 3 ml of the photoresist on 
the top of the first layer coating. 
16. Start coating. 
17. Edge Bead Removal 
18. Place the wafer on the 65 °C hotplate for 5min and then transfer it to the 95 °C 
hotplate for another 40min. 
19. Remove the wafer from the hotplate and let it cool down to room temperature. 
20. Load the microtrench photomask; load the wafer substrate into the aligner. 
21. Align the substrate with the loaded photomask until reaching a perfect 
alignment of the two. 
22. Expose the substrate under 365 nm UV light for 90 s. 
23. Unload the substrate from aligner. 
24. Place the substrate on the 65 °C hotplate for 5min and then transfer it to the 95 
°C hotplate for another 15min. 
25. Remove the substrate from the hotplate and let it cool down to room 
temperature. 
26. Immerse the substrate into SU-8 developer, and keep swirling and agitating it 
for 15 min, then change for some fresh developer and swirling for another 5min. 
27. Rinse first with IPA and later with DI water. 
28. Blow dry the substrate and store it in the wafer box. 
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Appendix F Micromolding through Soft Lithography 
1. Clean the SU-8 master using DI water and blow dry. 
2. Draw 1 ml of Trichloro-silane to a small weigh boat, and put it together with 
the clean master into a vacuum chamber for 8min. 
3. Draw 10 ml PDMS prepolymer base and 1ml curing agent and mix them in a 
big weigh boat. Swirl and fold the mixture for 10 min to ensure the curing 
agent evenly distributed. 
4. Discard the left Trichloro-silane. 
5. Pour the PDMS mixture onto the substrate inside the vacuum chamber with a 
metal ring sitting on top of the substrate to confine the mixture in a defined area. 
6. Degass the mixture for 30 min, vent the chamber as bubbles come close to the 
surface. Do this 2-3 times for the first 15 min. 
7. Transfer the substrate together with metal ring and PDMS into an oven, and 
cure for at least 5 hrs at 65 °C. 
8. Take the set from the oven, and leave them to cool down to room temperature. 
9. Peel off the PDMS from the substrate. 
10. Do necessary cutting and punching. 







Appendix G β- TC-6 Cell Culture Related 
Media Preparation 
1. Thaw Fetal Bovine Serum (FBS) and Penicillin-Streptomycin aliquots in 37 °C 
water bath. 
2. Switch on laminar flow hood, use 70% ethanol to sterilize the inside surface of 
the hood. 
3. Sterilize items such as bottle filter, pipettes and eppendorf tubes, and put them 
into the hood. Switch the hood to UV mode, and let UV sterilization for 20 min. 
4. Put new DEME, thawed FBS and antibiotics in the hood after disinfect their 
bottle surfaces using 70% ethanol. 
5. Pour into the filter bottle DEME, FBS and Penicillin-Streptomycin solution in a 
volume ratio of 89% : 10% : 1%, use the empty DEME bottle to collect the 
filtered media. 
6. Use the pipette controller to speed up the filtration process. 
7. Tight and seal the cap of the new media bottle, and put it in 4 °C fridge. 
8. Discard used disposable items, put back in place reusable items. 
9. Sterilize the hood again using 70% ethanol and switch off the hood. 
 
Sub-culture 
1. Preparation work and necessary sterilization. 
2. Discard complete media in the T-75 culture flask. 
3. Wash the cell attached surface of the flask using 10 ml 1X PBS buffer and then 
discard PBS. 
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4. Add 2 ml of 0.05% Trypsin-EDTA to the flask; slightly roll the flask in a small 
angle back and forth to ensure the Trypsin-EDTA spread to the entire bottom 
surface of the flask. 
5. Tight of the flask cap and transfer it into an incubator. 
6. Incubate at 37 °C for 15 min. 
7. Transfer the flask back to the hood; add immediately 10 ml complete media to 
the flask. 
8. Draw the entire mixture in the flask to a 15 ml centrifuge tube. 
9. Centrifuge the cell mixture at 1000 rpm for 5 min. 
10. Discard the supernatant; add 6 ml complete media to the centrifuged tube. 
11. Re-suspend the cells by pipette mixing. 
12. Dilute the cell suspension to a desired sub-culture ratio. 
13. Dispense the diluted cell suspension into new T-75 or T-25 culture flasks. 
14. Add enough complete media to the flasks, 12 ml in final for T-75, 4ml for T-25. 
15. Transfer these flasks to the cell culture incubator. 
 
Making Cell Stock 
1. Referring to the previous sub-culture section steps from 1-11. 
2. Dropwise add DMSO to the cell suspension in a volume ratio of 1 to 10 with 
constant gentle agitation. 
3. Dispense 1ml of the final cell suspension into each cryotube. 
4. Put the cryotubes into a container filled with isopropanol (IPA) and transfer 
them together to freezer at -80 °C for more than 5 hrs. 
5. Store the frozen cryotubes to liquid nitrogen at -196 °C. 
6. Log in the liquid nitrogen log book. 
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Cell Counting 
1. Prepare proper diluted cell suspension. 
2. Prepare 0.4% trypan blue suspension. 
3. Draw 20 µl of cell suspension and 20 µl of trypan blue suspension, mix them 
thoroughly and leave to stain for 10 min. 
4. With the cover slip in place, transfer a small amount of the mixture to both 
chambers of the homocytometer by carefully touching the edge of the cover 
slip with the pipette tip. Chambers will be filled automatically by capillary 
force. 
5. Count all cells in the 1  center square and four 1  corner squares. Keep 
a separate count of viable and dead cells. 
2mm 2mm
6. Calculate average cell density using the following formula: Cells/ml = Average 
cell counts per square x Dilution factor x 10000 (each 1  square of the 




7. Calculate the total number of the cells. (Number of β-TC-6 cells in a typical 










Appendix H Cellular Microenvironment Measurement 
Preparations 
1. Culture β-TC-6 cells on a piece of polystyrene sheet (cut off from the bottom 
surface of a T-25 culture flask) by seeding the sheet with cells and placing it in 
a non cell culture treated petri dish with enough complete media. 
2. Prepare the PDMS sensor chip in a sterilized manner. (for pH and Oxygen 
sensor chips sterilization could be done by a final UV light treatment; for 
glucose sensor chip, make sure each step of the sensor fabrication is sterilized) 
3. Setup the mini culture media perfusion system and load the system with 5 ml 
complete media; test run the system for a while, make sure there’s no air 
bubble trapped and the entire perfusion loop was filled with media. 
4. Clean the set of adaptors which comprises of two pieces of molded acrylic 
plastics with holes for screwing. These adaptors are for the purpose to 
mechanically hold the polystyrene sheet and the PDMS chip together instead of 
a permanent bonding. 
5. Do necessary disinfection for all required items before transferring them into 
the cell culture hood. 
 
System Assembly 
6. Anchor the PDMS chip onto one of the adaptors with the help of the inlet and 
outlet tubing connectors. 
7. Take the cell attached polystyrene sheet out of the Petri dish and wash the 
surface with 1X PBS buffer. 
8. Place the polystyrene sheet into the recess area of the other adaptor. The recess 
of the adaptor was designed to perfectly fit with the polystyrene sheet. 
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9. Put the two adaptors in vertical and in parallel, align them carefully before 
attach them together. 
10. Tight the screws on the adaptors. Never tight the screws too tight or leave them 
too loose, and make sure the pressure is evenly distributed among different 
screws. 
11. Add immediately the completed assembly into the perfusion loop. Set the 
micropump to the right flow rate and start perfusion. 
12. Transfer the entire system to the cell culture incubator. 
 
On-site Measurement  
13. Set the micropump to a chosen flow rate for a scheduled measurement. 
14. Transfer the entire microchip cell culture perfusion system from the incubator 
directly to the microscope platform. 
15. Maintain the same flow rate as in incubator. (This is a real time in-situ and 
reagentless measurement of the cellular microenvironment) 
16. Switch to non-fluorescence mode of the microscope to examine the cell 
attaching and growing profiles, and take phase contrast images of cells 
especially cells close to microtrenches. 
17. Use the phase contrast mode of the microscope to help locate areas to be 
imaged in the fluorescence mode 
18. Switch to fluorescence mode, choose proper fluorescence filter sets of the 
microscope and take pictures of both the microtrenches and the cells in the 
microchannel. 
19. For gradient measurement, take photos of different microtrenches from one 
side of the microchannel to the other end under a fixed flow rate. Don’t change 
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any of the camera and image capturing software settings until all microtrenches 
were imaged. 
20. For varied flow rate measurement, image the same microtrench while varying 
the flow rate of the micropump. Don’t change any of the camera and image 
capturing software settings during the whole process. 
21. For important fluorescence images, phase contrast image counterparts of the 
same area were taken for comparison study. 
22. Save all captured images. 
23. Obtain fluorescence intensity from fluorescence images; relate this intensity 
profile to the analyte concentration in the cellular microenvironment. 
24. Analyze corresponding phase contrast images of cells to study their attaching 
and growing profile under different cellular microenvironment. 
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